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Tidal turbine developers and researchers use small scale testing
(i.e. tow tank and flume testing) as a cost effective and low risk
way to conduct proof-of-concept studies and evaluate early stage
device performance. This paper presents experimental perfor-
mance data for a three-bladed 1/20th scale NREL S814 tidal turbine
rotor, produced at the 4.6 � 2.5 m and 76 m long Kelvin
Hydrodynamics Laboratory tow tank at Strathclyde University.
The rotor performance was characterised from very low tip speed
ratios to runaway for four carriage speeds. A maximum CP of
0.285 and a maximum CT of 0.452 were recorded at tip speed ratios
of 3.53 and 4.45 for a carriage speed of 1 m/s. The uncertainty in
the instrument calibration and experimental measurements was
quantified, allowing accurate representation of the experiments
in numerical models. The methodology behind the uncertainty cal-
culations is described in this paper. The uncertainty in the experi-
mental measurements was found to be less than 5% for over 87% of
the tests. Reynolds number scaling effects were found to be influ-
ential on the rotor performance in the range of velocities tested.
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Nomenclature

a constant in linear equation (–)
b gradient of the line (–)
CP power coefficient (–)
CT thrust coefficient (–)
CMy axial bending moment bending coefficient (–)
CMx radial bending moment bending coefficient (–)
FT force of thrust (N)
g gravitational acceleration (m/s)
i sample number, aspect ratio (–)
l moment arm (m)
M moment (Nm)
m mass (kg)
Q torque (Nm)
U1 inflow velocity (m/s)
x variable (–)
y variable (–)
k tip-speed ratio (–)
lx total uncertainty in variable x
q density (kg/m3)
X turbine rotational velocity (rad/s)

Subscripts
B bias uncertainty
calibration calibration
measured measured quantity
P precision uncertainty
SEE standard error of estimate
SSR summed square of residuals
x along x-axis
y along y-axis
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1. Introduction

Scale model tidal turbine testing is one of the early stages of the European Marine Energy Center’s
technology readiness levels (TRLs) program [1]. Empirical data obtained from small scale turbine test-
ing can be used for verification or calibration of turbine performance prediction models, and to explore
the benefits and downfalls of new ideas at a relatively low cost before developing the idea to a larger
scale. Many researchers use scale testing to study effects which are thought to influence turbine per-
formance. Milne et al. [2] undertook a set of tow tank tests to study the effects of unsteady hydrody-
namic loading on tidal turbines, and cavitation tunnel test results were used by Batten et al. [3] to
verify a blade element momentum theory (BEMT) performance model. Other such experiments, per-
formed in both tow tanks and flume facilities, have been undertaken and are reported in [4–7].

Compared to the steady water of tow tanks, the flowing water in flumes has a shear profile, which
can create non-uniform flow conditions across the tested device. The inherent turbulence in the flow
can be advantageous if, for example, wake recovery is the subject of study and turbulence has been
considered in the testing programme. However, it has been noted that the turbulence intensity of
some facilities can be high, of varied intensity, and difficult to scale [8]. The MARINET Round Robin
testing programme [9] aims to clarify the differences between testing in tow tanks and flumes, as well
as the differences between test results from facilities of the same kind.
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This paper presents the results of tow tank tests undertaken at the University of Strathclyde’s 76 m
long Kelvin Hydrodynamics Laboratory tow tank. A three-bladed 0.762 m diameter rotor, attached to a
horizontal axis test rig, was tested at four inflow speeds and a range of rotor rotational velocities,
quantifying its performance over the operational range of tip speed ratios, k. The aim of the experi-
ments presented herein was to quantify the performance of a small scale tidal turbine rotor over a
range of flow and rotor velocities. This experimental data will be used to verify a BEMT-based design
tool, to benchmark performance enhancements with altered blade designs, and to obtain the struc-
tural loads expected for a set of blades.

1.1. Limitations of scale model testing

Some limitations of small scale turbine testing include blockage ratio, scaling inequalities, carriage
shake and vibrations, and carriage speed tolerance and uniformity (addressed in Section 5). Blockage
ratio is the ratio of the device rotor area to the channel cross-sectional area. With high blockage ratios,
the fluid cannot expand around the device as it would in an unconstrained passage, which causes
more fluid to pass through the rotor area, increasing the measured thrust and power [10]. For large
blockage ratios, correlations can be used to adjust measured data. The blockage ratio at which to apply
corrections is an on-going discussion within the industry. For example, Tedds [11] presented tests on a
0.5 m diameter turbine in a tow tank with a blockage ratio of approximately 16% without a blockage
correction, and Bahaj et al. [12] reported a tow tank blockage of 7.5% and applied a correction which
resulted in a 5% reduction in both the power coefficient, CP, and thrust coefficient, CT.

To extrapolate scale model data to a full-scale prototype, it must be shown that the model and pro-
totype obey the same physical laws and that relevant dimensionless numbers are the same for both.
Force ratios (dynamic similarity) are paid the most attention in the design of scale model tests, as geo-
metric and kinematic (fluid and velocity ratios) scaling are more easily done [8]. Reynolds number
scaling is the most relevant for tidal turbines, as it considers fully submerged devices, but is almost
impossible to achieve for small-scale models because of the high rotational and inflow speeds required
by the test facilities. When Reynolds number matching is not possible, common practice in the indus-
try is to use Euler or Froude number scaling and kinematic relations for k [2,8]. Froude number scaling
is not appropriate for determination of power output or structural loads [8], but is important when
considering gravity or buoyancy effects. Reynolds number effects are further discussed in Section 5.
2. Methodology

This section outlines the test setup, instrumentation, design of experiment, and test procedures
used. The thrust and torque sensors, as well as bending moments strain gauges, were calibrated prior
to testing. The bending moment strain gauges were also calibrated after the test period was completed
to ensure there was no drift in the measurements.

2.1. Test setup and instrumentation

Fig. 1 shows the 0.762 m diameter turbine rotor (0.178 m diameter hub) with the nose cone
removed and the NREL S814 airfoil shape blades. During testing, the centre of the nose cone of the
rotor was located 0.70 m below the free surface of the water.

Table 1 outlines the rotor geometry, and Table 2 presents the geometry of the tested blades (blade
twist and chord as functions of radial location). The angle between the rotor plane and the blade at any
radial position was defined by adding the values of twist to the root pitch angle given in Table 1.

Fig. 2 shows the experimental configuration tested in the 76 m by 4.6 m by 2.5 m tow tank at the
University of Strathclyde.

A motor was used to drive the rotor at a constant rotational speed while the torque was measured
with the thrust and torque transducer. A 10:1 gear box was used to step down the rotational speed of
the motor to give that of the rotor. A Futek FSH00747 torque and thrust biaxial sensor was used to
measure the thrust and the torque on the rotor system. An IS 1163 SW 110/20 CAT slip ring was used
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Fig. 1. Turbine rotor with the nose cone removed.

Table 1
General dimensions and uncertainties of the rotor.

Rotor radius Blade length Root pitch setting

0.381 ± 0.0005 m 0.292 ± 0.0005 m 28� ± 0.875�

Table 2
Geometry of NREL S814 blades.

Radius (m) Twist (�) Chord (m)

0.089 0 0.0643
0.114 �4.38 0.0629
0.149 �10.74 0.0598
0.183 �14.80 0.0560
0.216 �17.33 0.0516
0.251 �18.91 0.0473
0.286 �19.75 0.0426
0.321 �20.39 0.0381
0.355 �20.87 0.0337
0.381 �21.11 0.0249
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to feed the electrical signal from the rotating dynamometer and strain gauges to the data acquisition
(DAQ) system.

A proximity sensor was used as a pulse counter to count the number of shaft revolutions in a given
time period. Data was logged using a Cambridge Electronic Design Power 1401 DAQ and the DAQ pro-
gram, Spike, and exported as text files for post processing in MATLAB�. The motor, slip ring, and thrust
and torque sensors were enclosed in a submerged container, which was rigidly mounted to the car-
riage and located approximately 2 diameters downstream of the rotor.

Strain gauges attached to the blade root were used to measure the axial (blade 1 and 2) and radial
(blade 3) blade root bending moments. The strain gauges were positioned on cylindrical steel trans-
ducers which were isolated from the water with waterproofing material, as shown in Fig. 3. The upper
section of each steel transducer was bolted firmly to a brass flange and pin designed to enable an accu-
rate pitch setting.

To firmly connect the blade and hub in all degrees of freedom, bolts were secured through the
flanges and the pin was slotted into a hole drilled on the bottom-side of the blades at a point on
the chord line. The position of this pin hole on the chord line of the blade coincided with the midpoint
of the hub depth.



(a)

(b)

Fig. 2. (a) Tow tank carriage and turbine test setup, (b) coordinate system.
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Considerable effort was given to ensuring each blade was set at the same root pitch setting, and
that the value and uncertainty of the root pitch were quantified. To achieve this, a depth gauge, fixed
in the horizontal plane, was used to measure the distance between the edge of the rotor hub and the
trailing edge of the blade at the root. The blades were rotated about the pins until this distance was the
same for each blade. These dimensions were input to the original CAD model of the rotor and used to
determine the angle between the blade chord-line and the rotor plane. In the CAD, as in the physical
turbine, the blades were constrained to have one degree of freedom in rotation about the pin position
on the hub. The resulting angle was obtained from the CAD program. A machining tolerance of
0.0005 m existed for each dimension of the blades. The original machining process and the subsequent
drilling of the pin hole resulted in uncertainty between the CAD model and the physical turbine. When
this was taken into consideration, the uncertainty in the pitch setting at the root of the blade was
±0.875�. The quantification of this uncertainty allows accurate turbine modelling in the numerical per-
formance prediction tools, and informs the upper and lower limits of a sensitivity analysis.

2.2. Theory

To facilitate direct comparison of different turbine systems, regardless of size or design, it is recom-
mended by EquiMar [13] that non-dimensionalized turbine performance characteristics should be
used. The relevant performance characteristics for the tests presented here are:

� The coefficient of power, CP, which describes the efficiency of a rotor in capturing the available
energy in a stream tube of the same diameter. CP is defined as
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Fig. 3. Photograph of hub, bending moment transducer and blade, viewed in axial plane (along the x-axis).

110 D.A. Doman et al. / International Journal of Marine Energy 11 (2015) 105–119
CP ¼
QX

1
2 qAu3

1
ð1Þ
� The coefficient of thrust, CT, which describes the axial thrust experienced by the rotor, caused by
the change in fluid pressure. CT is defined as
CT ¼
FT

1
2 qAu2

1
ð2Þ
The coefficient of blade root bending moment in both the axial and radial directions, CMy and CMx

respectively, which are defined as
CMy ¼
My

1
2 qARu2

1
ð3Þ

CMx ¼
Mx

1
2 qARu2

1
ð4Þ
The tip speed ratio, k, which is the ratio between the tangential velocity of the blade tip, and the
axial velocity of the flowing fluid, i.e.
k ¼ XR
u1

ð5Þ
where u1 is the tow tank carriage speed, X is the rotational velocity of the rotor, Q is the rotor torque,
FT is the rotor thrust, and Mx/My are the blade root bending moments. The relationship between CP or
CT and k shows the turbine performance over the range of flow conditions, and is the most common
way of presenting the power-capture capabilities and structural loads expected for a turbine rotor.

2.3. Design of experiment

The desired output of this test program was a set of fully-characterized performance curves for the
rotor. Four rotor inflow speeds (i.e. carriage tow velocities) were used: 0.5 m/s, 0.8 m/s, 0.9 m/s and
1 m/s. For each inflow speed, a range of rotational velocities, shown in Table 3, were utilized to suffi-
ciently populate the rotor performance curves and clearly characterize the performance and load
trends of the turbine. Chord–Reynolds numbers are given in Table 3 and show the range of
Reynolds numbers at 75% radius, where the chord length is 0.0421 m.



Table 3
Fluid and rotational velocities used in testing program.

Inflow velocity (m/s) Rotor velocity range (rpm) Tip-speed ratio Reynolds number

0.5 37–88 3–7 4.3E4–9.5E4
0.8 57–121 2.8–6.29 6.6E4–1.4E5
0.9 69–140 3–6.29 9.1E4–1.5E5
1 67–161 2–6.51 9.9E4–1.7E5
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This test program was designed observing the requirements outlined in EquiMar Deliverable D3.4,
‘‘Best practice for tank testing of small marine energy devices’’ [14]. Tests were run in a non-sequential
order, and were scheduled (blocked) to avoid random errors such as time of day (affecting steadiness
of tank), carriage operators (affecting data collection) and tank temperature (varying over the day). By
choosing the tow and rotor velocities of the tests at random, it was also ensured that any sources of
uncertainty described as ‘‘nuisance factors’’ in the EquiMar Best Practices document [14] could be
eliminated.

To ascertain the repeatability of the tests, a number of repeat runs were performed. In particular
one set of conditions, with an inflow velocity of 1 m/s and rotor velocity of 110.7 rpm, was repeated
5 times.
2.4. Test methodology and data collection

Several test sets were run in which the inflow speed was fixed and the rotor velocity varied, pro-
ducing a fully defined performance curve for the turbine at each inflow speed. Data collection was
started in the DAQ programme, Spike, before the carriage was accelerated to test velocity to obtain
a steady zero reading for all sensors. During this period, the rotor was spun by the motor at 3 rpm.
Collection of offset zero values for the measurement equipment were obtained while the rotor was
spinning slowly to allow any rotor misalignments or buoyancy forces to be recorded and their effects
considered. With the exception of the rotor velocity, it was assumed that the mean values of the
recorded data were zero at this very low rotational speed and that, due to the care taken to ensure
appropriate calibration and amplification factors, all noise in the data was Gaussian and could there-
fore be assumed to be zero over the mean. A motor control curve (voltage waveform text file) was
input to Spike to ramp up the rotor rotational speed gradually and keep it constant over the test
run. As shown in Fig. 4, the carriage was ramped up to the desired inflow speed once the rotor rota-
tional speed was steady. Fig. 4 shows the carriage and rotational velocity output data from one of the
0.9 m/s tests.

The carriage was towed down the length of the tank, and gradually slowed near the end. The rotor
was ramped down once the carriage stopped, and the tank water was allowed to settle before the next
test was run. In the test run illustrated in Fig. 4, the zero region occurred between time t = 0 s and
t = 20 s, and the steady region was taken between t = 55 s and t = 85 s, giving a total time of 30 s at
steady carriage (inflow) and rotational velocities. The small drops in the rotor velocity over the course
of the test were from electrical noise, and did not influence the actual rotor velocity.
2.5. Post-processing

Measurements from the thrust and torque sensors, bending moment gauges, proximity switch (at a
rate of 1 pulse-per-revolution), and motor encoder (at a rate of 10 pulses-per-revolution) were output,
along with a timestamp, to a text file during testing. The binary pulse voltage signal from the proxim-
ity switch was used to define the start of each rotor revolution such that data could be averaged over
full revolutions. The carriage velocity, rotor torque, thrust, and blade root bending moment outputs
were averaged over an integer number of rotor revolutions in the steady section of each test (once
both the rotor and carriage were operating at steady velocities). The mean zero values for each mea-
surement were subtracted from these average values to correct for measurement offsets.
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Fig. 4. Carriage velocity and rotor rotational velocity, live data output from test.
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The binary pulse signals from the proximity switch and motor encoder, along with the time stamp,
were used to calculate a moving average of the rotor rotational velocity during the steady section of
each test, giving a visual check on the steadiness of the rotor velocity. The mean rotor velocity was
calculated from this moving average rotor velocity, and k was calculated according to Eq. (5). The stan-
dard deviation of this moving average rotor velocity was calculated and used to express the uncer-
tainty in the measurement of rotor velocity, lX ¼ stdðXÞ:

3. Uncertainty analysis

For each test run, the uncertainty associated with the calculated parameters caused by the bias and
precision uncertainties in the instruments, was calculated. This section describes the how these uncer-
tainty estimates were made.

3.1. Uncertainty in calibration

The thrust sensor, torque sensor, and bending moment gauges were calibrated extensively to
ensure the measurements taken could be processed with confidence. This process resulted in a series
of calibration equations which were applied directly in the DAQ software during testing, allowing the
measured values to be recorded in engineering units. This meant the live data output was in engineer-
ing units, allowing quick identification of trends and errors during the test runs; a reading for thrust
force in Newtons is easier to check for accuracy than a reading in volts.

The calibration of torque is used as an example for the uncertainty analyses method employed. To
calibrate the torque sensor, known torque loads, Q applied, were applied to the stationary rotor and the
output voltage, Vmeasured, was recorded. A linear regression analysis of the various applied torques and
resulting voltages showed a highly linear calibration curve, well-fitted to the data (with coefficients of
determination, R2, above 0.99). During testing, the voltage readings were converted to torque mea-
surements by applying a linear calibration equation of the form Vmeasured ¼ bQ applied þ a, where b
was the slope and a the offset constant.

The uncertainty associated with this calibration curve was found based on the standard error of
estimate, as outlined in the ITTC’s document ‘‘Uncertainty Analysis Instrument Calibration’’ [15].
The summed square of residuals (SSR) is defined as:
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xSSR ¼
Xn

i¼1

ðyi � a� bxiÞ2 ð6Þ
where x is the known value, y is the measured value, there are n sample points (where i is the sample
number), and a and b are from the linear calibration equation. The document [15] states that the stan-
dard error of estimate (SEE) is ‘‘a measure of the standard deviation for the linear regression analysis’’,
and is defined as:
xSEE ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
xSSR

n� 2

r
ð7Þ
The precision uncertainty, lP;calibration; Q ; associated with the linear regression method of calibration
of torque was determined from:
lP;calibration; Q ¼ xSEE ð8Þ
The total bias uncertainty in the torque measurement (for example from the uncertainty in the
mass of the calibration weights used), was calculated by the law of propagation of uncertainty, as
detailed in [16], and outlined in EquiMar Deliverable D 3.4 [14]. During calibration, the torque,
Q applied, was calculated from:
Q applied ¼ mgl ð9Þ
where m was the mass of the weight applied during calibration with a bias uncertainty of
lBm = 0.015 kg, g was the gravitational constant with a bias uncertainty of lBg = 0.001 m/s2, and l
was the moment arm with a bias uncertainty of lBl = 0.0005 m. The calculation of the total bias uncer-
tainty in the torque measurement, lB;calibration; Q ; in Nm, was based on the bias uncertainty for each of
these variables, and is expressed as:
lB;calibration;Q ¼ Q applied

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2

Bm

m2 þ
l2

Bg

g2 þ
l2

Bl

l2

s
ð10Þ
Combining the precision and bias uncertainties according to the method outlined in [14], the total
uncertainty, in Nm, associated with the calibration of torque was calculated by:
lQ ;calibration ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2

P;calibration;Q þ l2
B;calibration;Q

q
ð11Þ
The uncertainty in each of the calibrated instruments was found in this manner, and the uncer-
tainty values for each measured variable are given in Table 4.

The data in Table 4 showed that the total (combined bias and precision) uncertainty in the calibra-
tion of each instrument was two orders of magnitude smaller than the associated mean value of that
measurement, providing confidence in the calibration process.

Fig. 5 shows several calibration data points and the associated uncertainty bounds for the thrust
sensor. The small range of force values shown was required so that the uncertainty bounds are visible.

Fig. 5 illustrates that all data points fall within the uncertainty bounds, highlighting the low level of
scatter in the calibration test data.
inty values from calibration.

able Mean value Uncertainty values

Precision Bias Total

m) 6.799 0.067 0.043 0.080
) 83.98 0.680 0.029 0.681

Nm) 3.599 0.025 0.016 0.030
Nm) 1.987 0.025 0.020 0.032
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3.2. Uncertainty in calculated parameters

For each test the uncertainty in the final calculated results, from the bias and precision uncertain-
ties in the instruments, was calculated using the method of propagation of uncertainty, as previously
described. For example, the uncertainty of CP, lCP

; was a function of the uncertainty in each of the
parameters used to calculate CP from Eq. (1), and is given by:
l2
CP
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lQ ;calibration

Q mean

� �2

þ lX

Xmean

� �2

�
lqB

q

� �2

� lA

A

� �2
�

3lU1B

U1;mean

� �2
s

C2
P ð12Þ
Values with the subscript ‘‘mean’’ were the average value of each measurement, taken when the
carriage and rotor velocities were steady during each test run. This gave the uncertainty in the calcu-
lated value for CP.

The same process was undertaken for each of the required experimental outputs.

4. Results

Fig. 6 and Fig. 7 show CP and CT as a function of k.
Fig. 6 shows that a general trend for each of the four tow velocities presented, with some mild scat-

ter in the data. The efficiency of the rotor increased with increasing k, peaked and then began decreas-
ing. The peak efficiency occurred at a k of 4.08 for the 0.8 m/s tests, with a CP of 0.263; at a k of 3.90 for
the 0.9 m/s tests, with a CP of 0.274; and at a k of 3.53 for the 1 m/s tests, with a CP of 0.285.

From Fig. 7, CT for the rotor increased steeply before leveling off and peaking at a k of approximately
4.5. After which CT decreased to about 0.40. Comparison between the plots of CP and CT showed that,
for each flow speed, the peak power capture efficiency of the rotor roughly coincided with the tran-
sition from steep to more shallow increase in CT.

Fig. 8 and Fig. 9 show the axial and radial root bending moment coefficients.
From Fig. 8, the coefficient of axial bending moment increased steeply from 0.042 at the lowest k, to

0.081 at a k of 3.5, a 93% increase. For k between 3.5 and 6.4, there was a relatively small increase in
bending moment coefficient (1.34% increase). From Fig. 9, the coefficient of bending moment
decreased initially until k of about 3.5, then increased continuously, reaching a maximum of 0.014
at a k of 6.5. The difference between the 0.5 m/s tests and the higher inflow speed tests is thought
to be due to Reynolds number effects, which are discussed in Section 5.
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4.1. Uncertainty analysis results

Fig. 10 shows the percentage uncertainty in CP, CT and k as a function of tip speed ratio.
The uncertainty in CT and k was consistently under 1.7%. As shown in Fig. 10, there was a greater

percentage uncertainty in CP at very low and very high k, where the values of CP were small. The uncer-
tainty in CP was less than 5% for tests below k of 5.3, with a maximum uncertainty in CP of 6.8% at the
maximum k. This gave an overall uncertainty in the CP values of less than 5% for 87% of the tests.

Fig. 11 shows the percentage uncertainty in CMy and CMx as a function of k.
The uncertainty in CMy was consistently less than 1.4% for over 93% of the tests done. From Fig. 11,

CMx had the largest percent uncertainty; over 15% for 37% of the tests. As Table 4 shows, the combined
uncertainty in the calibration of the radial blade root bending moment, CMx, was of the same order of
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magnitude as that of the axial blade root bending moment, CMy; however, the measured radial bend-
ing moments were small, making the percentage uncertainty much higher than for the other
measurements.

The standard deviations of the CP, CT, CMx, CMy and k for the 5 repeated tests were compared with
the set’s minimum uncertainty for each variable. Comparing the standard deviation to the minimum
uncertainty indicated if the experimental scatter was within the calibration-based uncertainty
bounds, giving a conservative analysis of the repeatability of the tests. Table 5 shows the standard
deviation and the minimum uncertainty for each parameter over the 5 tests.

The repeatability analysis showed that, for each of the performance characteristics, the standard
deviation of the values in the set of repeated tests fell within the bounds of the known uncertainty
associated with that value, illustrating the high repeatability of the results.
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Table 5
Results of the repeatability analysis.

Performance characteristic Standard deviation Minimum uncertainty

CP 0.0013 0.0044
CT 0.0017 0.0039
k 0.0014 0.0077
CMx 7.5e-5 0.00038
CMy 1.7e-4 0.00063
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5. Discussion

The aim of this test program was to obtain high quality data to use for verification and calibration
of performance models. The optimum root pitch angle was not pre-determined. This reduced the max-
imum CP and CT to values below the theoretical maximum for these blades. This test data is therefore
not presented to showcase the optimum performance of NREL S814 blades, but rather to empirically
quantify their performance.

For this system, the rotor-tank blockage ratio was 4.47%; evidence from the literature suggested
that it was not necessary to apply any correction.

A small amount of noise was captured in the data, however, this noise was of equal amplitude
above and below the data mean, and the processing method ensured data was averaged over a full
rotation of the rotor. Therefore, it was deemed acceptable to take the mean values of the data captured
without applying a filter.

The efficieny of the rotor presented was well below Betz limit of 0.59 [17]. This is thought to be due
to high frictional losses in the system, a non-optimum root pitch setting, and low Reynolds number
operational effects. Losses in a scale model test have a higher impact on test results than in larger sys-
tems due to a higher ratio between frictional losses and the captured power. The performance of the
blade airfol shape, which is dependant on the chord Reynolds number, also influenced power capture.
Reynolds number matching for small scale tidal turbines is limited at most test facilities due to car-
riage and rotational velocity constraints. For this work, due to the small scale of the turbines being
tested, the operational range of Reynolds numbers was low. In the lower Reynolds-number ranges, air-
foil performance is degraded and unusual performance characteristics can develop, caused by differ-
ent effects of transition, laminar separation, and laminar bubble behavior [18]. The differences
between the performance curves obtained at different carriage speeds-particularly between the
0.5 m/s CP–k curve and those of the higher inflow speed tests – highlight the Reynolds number sensi-
tivities. As the inflow speed and Reynolds number increased, the turbine became more efficient and
the optimum k decreased. At higher inflow speeds, the CP–k curves began to converge, as seen in
Fig. 6. According to experimental research undertaken by Milne [18], there is a possibility that laminar
boundary layer separation occured on the upper and lower airfoil surface due to the thickness of the
airfoil, which is thought to have influenced the performance of the NREL S814 airfoil. These effects
may have also varied with Reynolds number, however, this was not investigated at this time.

Carriage vibrations, speed tolerances, and uniformity can affect the accuracy of speed control and
the length of time for data collection at a constant speed. However, in this test setup, the uncertainty
in k was shown to be consistently below 1.7%. This low uncertainty, due to the high precision in the
carriage speed, confirms that the quality of the inflow velocity and rotor speed did not negatively
influence the test results. Due to the high frequency of data capture, and the length of time at steady
state in the tow tank facility, it was possible to obtain large sample numbers. This ensured that the
effect of any fluctuations would be negated over the test period. As Fig. 4 shows, both the carriage
speed and the motor rotational speed input were maintained at steady values over the steady region.
6. Conclusions

An experimental dataset for a small scale tidal turbine with quantified uncertainty was produced in
the tow tank at Strathclyde University. This data will be used for verification of a BEMT-based perfor-
mance tool and will form a base-case for the development of new blade design methodologies. The
rotor performance has been characterized over a full range of operational tip speed ratios for carriage
speeds of 0.5, 0.8, 0.9 and 1 m/s. A maximum CP of 0.285 and a maximum CT of 0.452 were recorded at
k of 3.53 and 4.45 for the 1 m/s carriage speed.

Uncertainty analyses were undertaken to give confidence in the methods and data produced. The
uncertainty in the measurements were found to be less than 5% for over 87% of the tests, with the
higher uncertainty coming from tests with very small measured values, such as CP close to the
run-away point where it approaches zero. The experimental scatter was within the uncertainty
bounds, highlighting the high accuracy of the tests. Although the greatest uncertainty in the test setup
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was from the blade pitch setting, this uncertainty was quantified, allowing an accurate representation
of the test setup in numerical models. The test results also showed that the rotor was highly sensitive
to Reynolds number in the range of tested flow conditions.
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