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a b s t r a c t

Turbulence is a crucial flow phenomenon for tidal energy converters (TECs), as it influences both the
peak loads they experience and their fatigue life. To best mitigate its effects we must understand both
turbulence itself and how it induces loads on TECs. To that end, this paper presents the results of blade
element momentum theory (BEMT) simulations of flume-scale TEC models subjected to synthetic tur-
bulent flows. Synthetic turbulence methods produce three-dimensional flowfields from limited data,
without solving the equations governing fluid motion. These flowfields are non-physical, but match key
statistical properties of real turbulence and are much quicker and computationally cheaper to produce.
This study employs two synthetic turbulence generation methods: the synthetic eddy method and the
spectral Sandia method. The response of the TECs to the synthetic turbulence is predicted using a robust
BEMT model, modified from the classical formulation of BEMT. We show that, for the cases investigated,
TEC load variability is lower in stall operation than at higher tip speed ratios. The variability of turbine
loads has a straightforward relationship to the turbulence intensity of the inflow. Spectral properties of
the velocity field are not fully reflected in the spectra of TEC loads.

© 2019 Published by Elsevier Ltd.

1. Introduction

Turbulence is a significant concern for tidal energy converters
(TECs), due to its importance in determining the fluctuating loads
on turbine blades [1] and ultimately the fatigue life of the device
and its components [2]. Studies have measured a variety of
different parameters for characterising turbulence at real sites
[3e6], but there is no absolute consensus on exactly which char-
acteristics are the most important for prediction of TEC loads.
Nonetheless, it is standard to make use of some measure of tur-
bulence strength (such as turbulent kinetic energy, k, or turbulence
intensity, TI) and some measure of the spatial extent of turbulent
fluctuations, typically as integral length scale [1]. Translating tur-
bulence to turbine loads is also an area of ongoing research: there
have been several experimental and computational investigations
that have examined the influence of turbulence on TECs or scaled-
down TEC models (see for instance Refs. [7e9]).

This paper will present results from blade element momentum

theory (BEMT) simulations of a flume-scale tidal turbine model.
BEMT is a well-established method of simulating horizontal-axis
turbines that extract energy from a flowing fluid [10]; its
simplicity means that it is capable of simulating far more cases in
the same amount of time than other numerical approaches that
model flow physics more completely. The BEMTmodel used here is
a robust code developed at Swansea University that incorporates a
number of modifications to classical BEMT theory [11,12]. Most
significantly, for the purpose of simulating TEC response to turbu-
lent flows, it is capable of incorporating unsteady, non-uniform
inflow conditions [13].

A modeller of turbulence can choose to deal with the fluid
physics in greater or lesser detail [14]. The most sophisticated
turbulence models have significant predictive power and corre-
spondingly require a great deal of computational resource [15], but
for this study it is important to select an approach that reflects the
strengths of BEMT itself: its ability to quickly investigate a wide
range of flow cases and operating conditions. This ability loses its
value if it is necessary to perform a computationally-expensive
calculation to generate turbulent inflow condition before the
TEC's response to those conditions can be simulated. This motivates* Corresponding author.
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the use of synthetic turbulence methods, which use a restricted set
of parameters to generate a three-dimensional turbulence velocity
flowfield. These characteristic parameters are typically the velocity
covariances or the spectra, both of which can be obtained with
conventional instrumentation in the field with a high degree of
confidence [16]. A flowfield generated this way does not, in general,
satisfy the governing equations of fluidmotions and is therefore not
a physically accurate representation of turbulence, but it does
replicate certain statistical parameters of turbulence.

This study compares two synthetic turbulence approaches. The
first is the synthetic eddy method (SEM), which approximates
turbulence as a collection of randomly-placed ‘eddies’. This was
originally developed to generate inflow conditions for large eddy
simulations, and has been used in this context to simulate loads and
wakes for both wind and tidal turbines [17,18]. We also synthesise
turbulence with a spectral method, which we also refer to as the
Sandia method after Sandia National Laboratories where it was first
developed [19]; this method, or a similar one, is implemented in
commercial codes such as Tidal Bladed and open-source codes like
NREL's TurbSim [20]. Details of these schemes are given in sections
2.3 and 2.4.

We begin with a brief description of the BEMT model used, and
then introduce the specific lab-scale TEC that is simulated in this
study and the conditions inwhich it is operated. This is followed by
a brief discussion of the methods used to generate synthetic tur-
bulence, and an assessment of how well they are able to replicate
turbulent properties. We then go on to examine the results of using
these synthetic turbulent flowfields in terms of power and thrust
coefficients, as well as distributed loads across turbine blades.

2. Background

2.1. Blade element momentum theory model

Blade element momentum theory (BEMT) is a well-established
model of conventional horizontal-axis rotors that was originally
developed in the 1930s for aircraft propellers [21], but is still used
today for both wind [22] and tidal [23] turbine applications. Its
basic principle is to determine the fluid dynamic forces on a rotor
through the necessary equality of its role as a source/sink of axial
and swirl momentum with the lift and drag forces on the blade
sections. The specific BEMTmodel employed in this study is a well-
validated, robust code developed at Swansea [11,12] that uses an
iterative constrained nonlinear optimiser to minimise the differ-
ence between these two analyses of the rotor. This difference is
quantified by the parameters called ‘induction factors’ which are a
non-dimensional measure of the change in axial and swirl velocity
induced by the presence of the rotor; the solver is considered to
have converged on a solution when the change in induction factor
from one iteration to the next is less than the tolerance of 1� 10�6.
This BEMT model also incorporates a quasi-unsteady inflowmodel,
allowing simulation of a turbine in unsteady, non-uniform flow
conditions.

2.2. Case study

We compare our BEMT predictions to a lab-scale turbine that
has been extensively investigated at the IFREMER combined wave
and current flume [24]. The turbine is a three-bladed design of
0.7m diameter; its chord and twist distributions are shown in Fig.1.
A NACA 63418 section was used across the entire radius.

The experimental study reported in Ref. [24] investigated awide
range of flow conditions, but in the current paper we restrict our-
selves to two of these cases, which we call ‘low turbulence’ and
‘high turbulence’. In both cases, the mean flow velocity is 1ms�1,

and the only mean flow property that changes is the turbulence
intensity (TI), denoted I∞. This is the ratio of the root mean square
of the fluctuation velocity components to the mean velocity
magnitude, expressed as a percentage. If we write the Cartesian
components of the velocity field as u;v;w, and use u0; v0;w0 to denote
their fluctuation components, then TI can be defined as:

TI ¼ 100
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where angle brackets are used to denote time-averaged values. The
‘low turbulence’ case has a turbulence intensity of I∞ ¼ 3%; the
‘high turbulence’ case has I∞ ¼ 15%. In addition to TI we also
characterise turbulence through its anisotropy ratio - that is, the
relative magnitude of turbulent fluctuations in each direction. This
was not directly measured in the flume study, but based on the
theoretical predictions of Nezu and Nakagawa [25], which were
later corroborated by field measurements taken by Milne et al. [4].
We assume that this ratio takes the value su : sv : sw ¼
1 : 0:75 : 0:56, where su represents the standard deviation of the u-
component of velocity and is calculated as su ¼ hu02〉12. Flume data
on the integral lengthscale is not available; to strike a balance be-
tween loading due to rotor-scale fluctuations and loading due to
chord-scale fluctuations, integral lengthscale was set to 40% of the
turbine radius.In order to verify that our BEMT model is able to
accurately capture the mean turbine performance, we simulate the
turbine in plug flow over a range of tip speed ratio (TSR) values to
obtain the conventional performance curves of power and thrust
coefficients, CP and CT . Lift and drag data for the NACA 63418 sec-
tion were taken from Abbott and Doenhoff [26], corresponding to a
Reynolds number of 6� 106. Comparisons of these results with
flume measurements are shown in Fig. 2. We see that there is very
good agreement in the power coefficient across the entire TSR
range, but due to the additional measured drag from the support
structure the model's prediction of thrust coefficient are consis-
tently lower than the measured values. An approximate correction
for this can be made by treating the support structure as a simple
cylinder that is partially immersed in the turbine wake, calculating
the resultant drag and subtracting this from the measured results.
This correction substantially improves the agreement between
predicted and measured results, particularly for the low turbulence
case. To test the sensitivity of the results to the rotor discretisation,
a second simulation was performed with almost twice as many
radial elements, going from 22 to 43 evenly-spaced elements per
blade. The consequent change in performance was approximately
1%, which was sufficiently small to conclude that results obtained
with the coarser discretisation would be satisfactory.

2.3. Synthetic eddy method

The synthetic eddy method was originally developed by Jarrin
et al. as a means of generating inflow conditions for large eddy
simulations (LES) of fluid flow [27], and continues to see use in this
role [28]. Its basic approach is to fill a volume of space with
randomly-positioned ‘eddies’ that induce a velocity in their own
vicinity. Each ‘eddy’ is defined by a shape function (for the current
study, a compactly-supported tent function), a size based on the
specified integral lengthscale, and a strength. By calculating
appropriate values for these properties based on measurements
from real flows (e.g., turbulent kinetic energy, anisotropy ratios,
integral lengthscales etc.), the flowfield induced by the eddies will
have, statistically, the same Reynolds stress tensor as the real
flowfield it is based on. A full description of the underlying math-
ematics can be found in Ref. [29]. It is important to bear in mind
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that, despite the name ‘eddy’, these velocity disturbances are not
realistic representations of physical eddies and indeed are not
intended to be; for clarity, we refer to them as pseudo-eddies.

2.4. Sandia method

The Sandia approach is a spectral method that was developed to
simulate complete wind flowfields from a restricted set of
measured data [19]; applying it to tidal stream flowfields is an
intuitive extension of its original design purpose. The basis of the
Sandia method is an array S whose every entry contains a power
spectral density (PSD) corresponding to a pair of points. In this
array, each diagonal entry corresponds to an auto-PSD, and each
off-diagonal to a cross-PSD. We perform a Cholesky decomposition
to define a matrix H : S ¼ HH�T ; then, by applying a random phase
to each entry of H, summing along the nth row will yield a series of
Fourier coefficients corresponding to the nth point. These co-
efficients define a discrete spectrum which, when transformed
back into the time domain, results in a time series of velocity with
the correct spectral properties and spatial cross-correlations with
all other points.

A key strength of the Sandia method is that it canwork with any
arbitrary spectrum, measured or theoretical. Observations have
shown that turbulent flowfields in strong tidal currents tend to be
well-described by the von K�arm�an spectrum [4], so this is
employed here. In the absence of specific data on cross-spectra,
Veers et al. [19] proposed a coherence function that relates the
cross-PSD between any two points to their respective auto-PSDs
and their separation distance, and we apply this approach here.
Note that when generating a synthetic flowfield of finite duration,
the spectrum is truncated compared to its theoretical value,
resulting in a loss of energy. To mitigate this, we scale the finite
time series according to the Rayleigh theorem to ensure that its
power matches that of the full PSD. Lastly, an important short-
coming of the method is that each component of velocity is
generated independently, which means that all cross-component
correlations will be zero.

3. Synthetic turbulence validation

Before using the synthetic turbulent flowfields as inflow con-
ditions to a BEMT model, we first verify that they are behaving as
expected. We use flow conditions from the IFREMER flume tank
experiments [24] as a benchmark for the synthetic turbulence
methods. For all synthetic flowfields, the domain was defined as
extending 10m in the longitudinal direction, corresponding to 10s
of flow for a mean flow speed of 1ms�1. The vertical and lateral
extents of the synthetic flowfields were set to 1.5 times the diam-
eter D of the rotor (cf. the discussion of the turbine geometry in
section 2.2). The grid spacing was 0:075D in the lateral and vertical
directions, and a timestep of 0.01 s was chosen for the longitudinal
direction, equivalent to a grid spacing of 0:0143D. One hundred
independent realisations of the turbulent flow were generated for
both the high and low turbulence conditions with both synthetic
turbulence methods. In Table 1, we present the I∞ and anisotropy
ratios for these benchmark flows. To obtain these data, we calculate
a single mean value and standard deviation of both TI and

°

Fig. 1. Radial chord and twist distributions for the rotor used in the case study. Twist is defined as the angle between the chord line and the axis of rotation.

Fig. 2. Power and thrust coefficient dependence on TSR. Flume data are taken from
Mycek et al. [24]. Filled symbols (for thrust only) indicate flume data corrected for the
presence of the support structure, as described in the text. Experimental data points
represent a time-average value over 100s of measurement.

Table 1
Mean values and standard deviations of turbulence intensity (I∞) and anisotropy
ratio su : sv : sw for the SEM and Sandia methods compared to the benchmark
turbulent flow cases.

I∞ su : sv : sw

Target 3% 1 : 0:75 : 0:56
SEM 2:97±0:03% 1±0:01 : 0:749±0:008 : 0:557±0:008
Sandia 3:00±0:05% 1±0:01 : 0:747±0:010 : 0:557±0:005
Target 15% 1 : 0:75 : 0:56
SEM 14:8±0:1% 1±0:03 : 0:750±0:012 : 0:558±0:013
Sandia 15:1±0:2% 1±0:02 : 0:744±0:013 : 0:553±0:012
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anisotropy ratio for each flowfield realisation, then tabulate the
average of these across all realisations.

The synthetic turbulence methods are clearly able to satisfac-
torily replicate the key turbulence parameters of the benchmark
turbulence cases. It is also instructive, however, to examine the
spectral properties of the synthetic flowfields, and these are shown
in Fig. 3. The Sandia method recovers the theoretical von K�arm�an
spectrum far more accurately than SEM; this is unsurprising, as the
Sandia method should replicate the spectrum used as a template.
What is interesting is the manner in which SEM fails to accurately
reproduce the expected PSD. Lower frequencies, corresponding to
larger-scale motions, are relatively well-captured. However, as we
move towards the frequencies comprising the inertial subrange, the
PSD of the SEM turbulence exceeds the PSD of the von K�arm�an
spectrum in magnitude for a narrow frequency range, approxi-
mately 1e4Hz. At frequencies above this range, the magnitude of
the PSD drops sharply below that of the template spectrum, and
from around 10Hz upwards exhibits a series of linearly-spaced
‘fringes’. These fringes closely approximate a sinc4 function,
which is the PSD of a single tent function; the slight ‘fuzziness’ of
the peaks in the SEM spectra is due to the fact that this PSD results
from the superposition of several tent functions distributed
randomly in three dimensions.

This non-physical behaviour of the SEM spectra at high fre-
quencies can be ameliorated by varying the lengthscale of the
pseudo-eddies [30]. The purple lines in Fig. 3 represent PSDs from
SEM flowfields whose eddy lengthscales are governed by a normal
distribution; the three different cases represent lengthscale dis-
tributions whose standard deviations are 25%, 50% and 75% of the
mean value - lengthscales below zero are not permitted. Although
modifying the SEM in this way means that the resultant flow does
not strictly satisfy the mathematical conditions of the original
formulation, the non-zero components of the Reynolds stress
tensor of the resultant flowfields are still equal to those of the
template data to within a standard deviation. Flowfields generated
withmodified SEM had a duration of 20s and a timestep of 0.0525s;
this is the reason their spectra exist over a different frequency range
to the Sandia and conventional SEM results.

4. Results

The effects of the low and high turbulence flows on the test
turbine are examined for three different operating conditions: at
power optimum (corresponding to a steady state characterised by

TSR¼ 4.4, CP ¼ 0:4121, CT ¼ 0:7418), in partial stall (TSR¼ 2.5,
CP ¼ 0:2141, CT ¼ 0:4326) and in an overspeed condition (TSR¼ 8,
CP ¼ 0:2316, CT ¼ 0:7230). A simplified control scheme kept the
rotor at a fixed TSR relative to the mean flow velocity. The results of
these simulations are tabulated in Table 2 and presented graphi-
cally in Fig. 4. Analogous to the case in the validation results pre-
sented in section 3, the numbers shown here are calculated by
taking the mean coefficients from simulations of the turbine
response to each of the hundred independent realisations of each
turbulent case, and calculating themean and standard deviations of
those populations. Note also that both thrust and power co-
efficients are normalised against the mean flow velocity for the
whole simulation duration, rather than the instantaneous flow
velocity at hub height.

These results illustrate several important phenomena. Firstly,
none of the turbulent cases investigated resulted in a significant
shift of the mean load characteristics. In every case, the mean load
coefficients were within a single standard deviation of the corre-
sponding steady state values. Secondly, the variability of the mean
load coefficients appears to be related very straightforwardly to the
turbulence intensity: moving from low turbulence to high turbu-
lence (i.e., a fivefold increase from I∞ ¼ 3% to I∞ ¼ 15%) also causes
the standard deviation of the mean load coefficient to increase by a
factor of approximately 5 - more precisely, the factor of propor-
tionality varies in the range 4.6e5.8. This increase is roughly twice

Fig. 3. Comparison of von K�arm�an spectrum and spectra from flowfields generated using the two synthetic turbulence models. Three SEM cases with variable lengthscales are
shown in purple, as explained in text. Solid lines shows high-turbulence case and dashed lines show low-turbulence case. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Table 2
Mean value and standard deviations of power and thrust coefficients from BEMT
simulations.

Turbulence model TI CP CT

Stall region (TSR¼ 2.5, steady CP ¼ 0:2140, steady CT ¼ 0:4326)
SEM 3% 0:2114±0:0035 0:4351±0:0057

15% 0:1987±0:0188 0:4359±0:0326
Sandia 3% 0:2117±0:0026 0:4351±0:0055

15% 0:2021±0:0145 0:4397±0:0312
Optimal region (TSR¼ 4.4, steady CP ¼ 0:4121, steady CT ¼ 0:7418)
SEM 3% 0:4129±0:0203 0:7421±0:0208

15% 0:4318±0:0942 0:7403±0:0955
Sandia 3% 0:4175±0:0216 0:7474±0:0225

15% 0:4276±0:1027 0:7425±0:1055
Overspeed region (TSR¼ 8, steady CP ¼ 0:2316, steady CT ¼ 0:7230)
SEM 3% 0:2326±0:0257 0:7242±0:0274

15% 0:2631±0:1341 0:7428±0:1400
Sandia 3% 0:2324±0:0277 0:7242±0:0297

15% 0:2525±0:1400 0:7375±0:1493
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Fig. 4. Power and thrust coefficients for turbulent simulations, compared to performance curves for steady flow. Black squares indicate the steady stall, optimum and overspeed
operating cases; coloured markers show mean coefficient values for turbulent cases with error bars indicating standard deviation. Turbulent data are offset in TSR for clarity.

Fig. 5. Power and thrust coefficients for simulations of turbine at optimum TSR of 4.4 under a range of turbulent conditions (TI¼ 3, 6, 9, 12, 15%). Dashed black lines indicate values
of power and thrust coefficient in steady flow conditions; crosses and bars indicate coefficient mean values and standard deviations. Results from SEM turbulence are shown in red
and those from Sandia turbulence in blue. Note that SEM results are shown with a slight negative offset in TI and Sandia results with a slight positive offset to make it easier to
distinguish the results of the different methods, but the actual TI values are as indicated above. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

M. Togneri et al. / Renewable Energy 145 (2020) 408e418412



as large as that seen in the experiment of Mycek et al., whose re-
sults indicate that load coefficients increase by a factor of 2.7e2.9
between the low turbulence and high turbulence cases [24].

This proportionality is observed for intermediate values of the
turbulence intensity as well, as can be seen in Fig. 5. This figure
shows how the turbine power and thrust coefficients in optimum
operation change for TI values between the 3% and 15% cases tested
above. The mean values of the coefficients are not affected by the
turbulence intensity - there is an apparent tendency for the mean
CP value to increase with TI, but the change is not statistically sig-
nificant. The coefficient standard deviations, however, exhibit a
clear linear dependence on turbulence intensity. Calculating a
linear best fit between TI and standard deviation of the load co-
efficients shows that the constant of proportionality is 0.9. Section 5
discusses this finding in greater detail.

It is also interesting to examine how variability of loads depends
on operating conditions. The standard deviation of power and
thrust coefficients does not differ greatly between optimum and
overspeed operation, but drops significantly when the turbine is
operated in the stall range. A similar discrepancy is also seen in the
experimental results [24]. On the face of it, this is a surprising
result: when the turbine is in the stall range (and therefore rotating
more slowly), the blade-relative velocities will be more affected by
the variations in inflow velocity. The same turbulent fluctuations
would lead to greater variability in angle of attack; this is confirmed
by examination of the angle of attack distributions shown in Fig. 6.

Nevertheless, this wider angle of attack range in stall operation
does not lead to a wider range of hydrodynamic forces, as is
visualised in more detail in Figs. 7 and 8, which show the average
thrust and in-plane forces per unit length across all blades for all
operating conditions and turbulence models. The standard

deviations of these force distributions show the same tendency to
be significantly greater in high-TSR operating conditions as was
seen in the whole-turbine load coefficients. The results also make it
very clear that the mean force distribution is almost unaffected by
the choice of turbulence model. The effect on force variability is
more significant - particularly in the high turbulence cases we see
that the standard deviation of these force distributions is greater
with SEM turbulence rather than Sandia turbulence.

In Fig. 9, we compare the spectral properties of the turbine
power output and the inflow velocity. There are broad similarities
in the shapes of the power and velocity spectra: in particular, we
observe that the power spectra for Sandia turbulence cases tend to
be greater in magnitude both at the high-frequency end and the
extreme low-frequency end, while SEM turbulence yields a greater
magnitude in the mid-range, just as is seen in the velocity spectra.

As was noted in section 3, modifying the SEM to permit variable
lengthscales for the pseudo-eddies improves the spectral behav-
iour of the resulting synthetic turbulent flowfield. In the right-hand
panels of Fig. 9, the average spectrum from all three of the variable
lengthscale SEM cases investigated is plotted in purple alongside
the spectra of the conventional synthetic turbulence models. The
corresponding spectra of turbine power are plotted in the left-hand
panels of the same figure. These spectra are noticeably noisier than
those obtained with the Sandia or unmodified SEM turbulence
models, but throughout most of the frequency range the modified
SEM spectra are intermediate between the other two cases. Care
should be taken in interpreting the behaviour of the power spectra
for frequencies above 9.5 Hz. This is the Nyquist frequency for the
modified-lengthscale SEM velocity spectra, so the velocity spec-
trum is not explicitly specified by the input above this threshold.

°

Fig. 6. Distributions of angle of attack on turbine blades, averaged across all blades and all runs. Average values are shown as thick lines, in red for SEM turbulence and blue for
Sandia turbulence; thinner lines of corresponding colour indicate one standard deviation above and below the average. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 7. Distributions of thrust force per length on turbine blades, averaged across all blades and all runs. Average values are shown as thick lines, in red for SEM turbulence and blue
for Sandia turbulence; thinner lines of corresponding colour indicate one standard deviation above and below the average. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Distributions of in-plane force per length on turbine blades, averaged across all blades and all runs. Average values are shown as thick lines, in red for SEM turbulence and
blue for Sandia turbulence; thinner lines of corresponding colour indicate one standard deviation above and below the average. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

M. Togneri et al. / Renewable Energy 145 (2020) 408e418414



5. Discussion

The clearest result from the simulations presented here is the
very straightforward relationship between the turbulence intensity
and the resultant standard deviation of the load coefficients. This
was suggested by the results shown in Table 2 and Fig. 4 and
reinforced by repeating the study for intermediate values of tur-
bulence intensity. This increases our confidence in this observation,
and allows us to state the relationshipmore precisely. The slope of a
best fit line for normalised TI against normalised load coefficient
standard deviations is between 0.908 and 0.893, depending on
which turbulence model and load coefficient is examined. More
plainly, this implies that doubling the TI will increase the standard
deviation of the load coefficients by a factor of 1.8. This is in excess
of what is seen in the experimental results, which indicated that by
doubling TI, the standard deviations would increase by a factor of
around 1.45. Nonetheless, the corresponding Pearson correlation
coefficients are all in excess of 0.99, so we can be confident that a
straightforward linear relationship is appropriate. This is a very
promising result for predicting the effects of turbulence on turbine
load.

To test the robustness of this result, we have repeated the same
analysis for a second turbine design. The second turbine we have
elected to study is one that has been scaled for a flume study of
wake properties [31]. As a result, its power performance is quite
different from what is expected in conventional design; nonethe-
less, as shown in Fig. 10, the BEMT code is able to satisfactorily
predict its performance in steady flowover a range of TSR values. To
test if the relationship between TI and turbine load variability holds
for a different turbine, we have simulated this second turbine in
optimum conditions (TSR¼ 4.45, corresponding to a steady CP ¼
0:3278 and CT ¼ 0:8556) at a range of TI values between 3% and
15%, in the same manner as was done to produce the results of
Fig. 5. The results of these simulations are visualised in Fig. 11.

The relationship observed is similar, although the slope of the
best fit line is not the same as for the IFREMER turbine, and in this
case the slope differs for power and thrust. The constant of pro-
portionality between standard deviation of CP and TI is 0.686 if

estimated from SEM turbulence, and 0.722 if estimated from Sandia
turbulence; for CT , the estimated constants of proportionality are
0.839 with SEM turbulence and 0.899 with Sandia turbulence.
More importantly, however, they back up the observation that
there is a straightforward linear relationship between turbulence

Fig. 9. PSDs of rotor power in left-hand panels; right-hand panels show spectra of velocity for comparison. Top panels show results from the low-turbulence case and lower panels
show results from the high-turbulence case.

Fig. 10. Power and thrust coefficient dependence on TSR. BEMT predictions of load
coefficients are shown as black lines, and flume measurements (taken from Stallard
et al. [31]) are shown as hollow red circles. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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intensity and the standard deviation of the load coefficients: the
correlation coefficients for all datasets are again in excess of 0.99.
This suggests that although the BEMT simulations have over-
estimated the increase in coefficient variability with TI for the
IFREMER turbine compared to experimental data, we are correct to
predict a linear relationship between these parameters.

More surprising is that, both here and in the experiments of
Mycek et al. [24], load variability is less significant in stall operation
than near optimum or in overspeed. This is unintuitive for two
reasons: first, as mentioned above, in stall operation the rotational
speed is low in comparison to the inflow velocity, so turbulent
fluctuations will have a greater impact on the angle of attack of any
given blade section. Secondly, in this operating condition more of
the blade will be operating at angles of attack near stall. Changes in
angle of attack are then more likely to mean that the blade will be
rapidly switching between stalled and unstalled conditions, which
would intuitively lead to greater variability in the overall hydro-
dynamic loads. Fig. 6 shows that angle of attack variability is indeed
greater in stall operation; however, when we examine the vari-
ability of forces themselves (as in Figs. 7 and 8), the opposite ten-
dency is seen. We have checked these results by recalculating the
thrust and torque of a given blade element from the time series of
angle of attack, in conjunctionwith the matching time series of the
blade-relative velocity magnitude and the blade geometry. These
recalculations confirm that the observed greater variability of angle
of attack in stall operation does in fact correspond to a counterin-
tuitive lower variability in the load coefficients.

A possible explanation for this could be found in the gentle stall
characteristics of the NACA 63418 blade section used for the
IFREMER rotor, as shown in Fig. 12. This shows that there is no large
drop in lift after separation at approximately 14�. Thus, in stall
operation, the variability of the forces resulting from the relatively
wide angle of attack range is plausibly smaller than that in opti-
mum or overspeed operation.

In Fig. 3, we compared the PSDs of the synthetic turbulent
flowfields with one another and with the canonical von K�arm�an
spectrum. Unsurprisingly, we found that the Sandia method does a
very good job of replicating the template spectrum, while the SEM
method does not. The variable-lengthscale modification to the SEM

Fig. 11. Power and thrust coefficients for simulations of turbine at optimum TSR of 4.4 under a range of turbulent conditions (TI¼ 3, 6, 9, 12, 15%). Dashed black lines indicate values
of power and thrust coefficient in steady flow conditions; crosses and bars indicate coefficient mean values and standard deviations. Results from SEM turbulence are shown in red
and those from Sandia turbulence in blue. Note that SEM results are shown with a slight negative offset in TI and Sandia results with a slight positive offset to make it easier to
distinguish the results of the different methods, but the actual TI values are as indicated above. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

°

Fig. 12. Lift coefficient of the NACA 63418 blade section at Re ¼ 6� 106, plotted against
angle of attack for a selected range of angle of attack values encompassing stall. Data
taken from Ref. [26].
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significantly improves the spectral properties of its flowfields.
Averaging across multiple realisations (as seen in the right-hand
panels of Fig. 9) smooths out the noisiness of the spectra from in-
dividual flowfields and shows a clear inertial subrange. Nonethe-
less, this improvement is not fully reflected in the spectra of the
resulting turbine loads. A direct comparison is difficult, because
fewer modified SEM cases were run and their spectra are corre-
spondingly noisier; however, it appears that the varying the
pseudo-eddy lengthscale does cause the spectrum of turbine power
to shift towards its shape in the Sandia case, but by a much smaller
margin than is seen for the velocity spectra.

This observation suggests that knowledge of the spectral prop-
erties of the turbulent flowfield is not sufficient to predict the
spectral properties of the turbine loads for synthetic turbulence.
This is similar to observations made of turbulent and turbine power
spectra made in flume experiments [32], but there is an important
distinction to be drawn. Experimental results indicate that as fre-
quency increases, velocity and power fluctuations become less well
correlated and so their spectra differ more significantly at higher
frequencies. What this study shows is that, even where two
different synthetic velocity fields have very similar spectral prop-
erties, the concomitant load spectra are not necessarily similar.

6. Conclusions

We have used two different synthetic turbulence methods to
generate inflow conditions for a BEMT model of a lab-scale TEC.
Both SEM and the Sandia spectral model of turbulence are shown to
satisfactorily replicate certain statistical properties of real turbulent
flow in the flume. Furthermore, although conventional SEM pro-
duces a flowfield whose velocity PSD diverges significantly from
that of real flows, a simple modification to permit variable-
lengthscale pseudo-eddies is seen to address this shortcoming
quite well. This modified SEM is not strictly guaranteed to replicate
the template statistics as the classical formulation is, but we found
that the Reynolds stress tensor does not significantly differ from the
template values. The BEMT model has already been extensively
validated [10e12], but the current study demonstrates that it
captures the steady flow behaviour of the IFREMER test turbine to a
high standard when compared to flume measurements.

Our simulations using the synthetic turbulence methods to
define inflow conditions for the BEMT produced three key results.
Themost surprising result is that the variability of thrust and power
for the turbine when operated at optimum TSR was reduced if the
turbine is operated in stall. This runs counter to the observation
that angle of attack variability is greater in stall operation, but we
have confirmed that these two observations are consistent with
one another. We hypothesise that this unusual result is caused by
the gentle stall characteristics of the NACA 63418 section used in
the IFREMER turbine.

Secondly, our simulations indicate that the variability of turbine
loads, as measured by the standard deviation of the power and
thrust coefficients, is directly proportional to TI. We calculated that
this relationship has a constant of proportionality equal to 0.9, and
that its Pearson correlation coefficient is in excess of 0.99, meaning
that a linear relationship is strongly supported by the data. Simu-
lations of a second turbine also supported a linear increase in load
variability with TI with a high degree of certainty.

The third key result sheds some light on the spectral properties
of TEC loads in simulations using synthetic turbulence. As
mentioned above, the velocity PSD of SEM can be made more
realistic with a variable lengthscale modification; however, the
spectra of the turbine loads remain dissimilar.We conclude that, for
simulations using synthetic turbulence, the spectral properties of
the turbine loads cannot be predicted from knowledge of the

corresponding velocity spectra alone.
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