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Characteristics of the
turbulence in the flow at a
tidal stream power site

. A. Milne, R. N. Sharma, R. G. J. Flay and S. Bickerton

Department of Mechanical Engineering, The University of Auckland,
Auckland 1142, New Zealand

This paper analyses a set of velocity time histories
which were obtained at a fixed point in the bottom
boundary layer of a tidal stream, 5m from the
seabed, and where the mean flow reached 2.5ms™.
Considering two complete tidal cycles near spring
tide, the streamwise turbulence intensity during non-
slack flow was found to be approximately 12-13%,
varying slightly between flood and ebb tides. The
ratio of the streamwise turbulence intensity to that
of the transverse and vertical intensities is typically
1:0.75:0.56, respectively. Velocity autospectra
computed near maximum flood tidal flow conditions
exhibit an f~%/3 inertial subrange and conform
reasonably well to atmospheric turbulence spectral
models. Local isotropy is observed between the
streamwise and transverse spectra at reduced
frequencies of f > 0.5. The streamwise integral time
scales and length scales of turbulence at maximum
flow are approximately 6s and 11-14 m, respectively,
and exhibit a relatively large degree of scatter. They
are also typically much greater in magnitude than the
transverse and vertical components. The findings are
intended to increase the levels of confidence within
the tidal energy industry of the characteristics of the
higher frequency components of the onset flow, and
subsequently lead to more realistic performance and
loading predictions.

1. Introduction

In recent years, the tidal stream energy industry
has witnessed significant growth, with numerous
commercial-scale schemes now in development globally.
However, a number of early generation turbines have
failed prematurely, owing, in part, to the harsh operating
environment to which they are exposed. While the
characteristics of the mean flow at tidal energy sites are
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relatively well understood and simple to measure, a lack of confidence in the characteristics of
the turbulent flow has subsequently resulted in high levels of conservativeness being employed
by turbine designers [1]. This must be addressed if tidal stream power is to become more
commercially competitive with other forms of electricity generation.

This paper reports on the analysis of relatively high-frequency (4 Hz) instantaneous velocity
measurements obtained at a proposed tidal energy site, where during spring tide the mean flow in
the bottom boundary layer is of the order of 2ms~'. The objectives of the study were to examine
the intensity of the turbulent velocity fluctuations, as well as to characterize the spectral nature of
the turbulent energy. It is envisaged that developers of tidal stream turbines can use the findings
to assist them in obtaining more accurate performance and loading predictions.

Recently, there have been published reports of attempts to quantify the structure of the flow at
tidal energy sites using acoustic Doppler current profilers (ADCPs) [2,3], in which the velocity at
different points through the water column can be measured co-currently. While four-beam ADCPs
can be readily used to obtain the variation in the mean flow in the bottom boundary layer, the
non-homogeneous nature of the flow, coupled with the horizontal spreading of the ADCP beam:s,
imposes a restriction on the length scales of the instantaneous velocities which can be studied
accurately. These scales can be of the order of a typical rotor diameter.

Point measurement techniques are, therefore, arguably more suitable for analysing the
higher frequency instantaneous velocity components. However, relevant literature is limited to
flows typically lower than what would be necessary for tidal power generation. Early field
measurements published by Grant ef al. [4] involved the use of a hot-film flow meter to
measure the streamwise velocity fluctuations, and for which an inertial and dissipation subrange
was observed in the computed spectra. Heathershaw [5] and Bowden and co-workers [6-9]
have previously used electronic current meters to measure the horizontal and vertical velocity
fluctuations in the bottom boundary layer of a tidal channel, at distances of up to 2 and 1.75m
from the seabed, respectively, where the mean flow speed was of the order of 0.5-1ms™!.
The velocity spectra exhibited similarities to those of atmospheric boundary layer turbulence,
although Heathershaw [5] discusses that the agreement is typically closer for relatively narrow
tidal channels.

More recently, point measurements of instantaneous velocities have been obtained using
acoustic Doppler velocimeters (ADVs), in which the three-dimensional velocities of a small
sampling volume can be inferred from acoustic receivers using the Doppler shift principle.
The use and accuracy of ADVs for measuring turbulence in flumes and in the field have been
reported [10-12]. More recently, Thomson et al. [13] have compared the ADV and ADCP velocity
time histories from a tidal channel in Puget Sound, WA, and demonstrated good agreement
between the turbulence intensities once Doppler noise in the ADCP had been corrected for.
However, additional literature on the application of ADVs for measuring the instantaneous
velocities in relatively fast-flowing tidal streams is scarce. One contributing factor is the inherent
difficulty in obtaining accurate measurements in such flows because of sensor movement and
vibration, and, for fixed sensors, the effect on the flow by the structure to which the sensor is
attached.

2. Deployment location and experimental set-up

The velocity measurements analysed in this study were obtained at the Sound of Islay, UK, at a
location of 55 50.432" N, 006 05.900" W, shown in figure 1. The site is currently being developed
by ScottishPower Renewables (http://www.scottishpowerrenewables.com) together with tidal
turbine manufacturer Andritz Hydro Hammerfest (http://www.hammerfeststrom.com), which
have proposed the installation of 10 generating devices each rated at 1 MW. The site is considered
favourable for tidal stream energy generation, as it has relatively strong currents and is sheltered
from large surface waves.

The measurements were conducted in the bottom boundary layer at a distance of 5m from
the seabed, and the mean water depth is 55m. The sensor was attached rigidly to a steel
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Figure 1. Map of the Sound of Islay, aligned north, with depth contours (metres) and the ADV deployment location indicated
by ‘X’ The location of the Sound of Islay in the Inner Hebrides of Scotland, UK, is shown top right. Adapted from Admiralty Charts
acquired from the UK Hydrographic Office (http://www.ukho.gov.uk).

frame, as can be observed in figure 2, which was submerged and located on the seabed for the
duration of the data acquisition. A tri-beam Nortek Vector ADV (http://www.nortekusa.com/
en/products/velocimeters/vector), aligned vertically with the probe above the canister, was used
to measure the three components of velocity. It was operated in continuous mode with a sampling
frequency of 4 Hz over a period of approximately 15 days, encompassing both a spring and neap
tidal cycle. The orientation of the sensor (heading, pitch and roll) was measured simultaneously,
with a sampling frequency of 1 Hz.

3. Data processing

Prior to analysis, a quality assurance check of the raw data was undertaken. While the motion of
the frame was relatively minor and was observed to typically be greatest during acceleration of
the current, samples where excessive compass motion was present were removed. These samples
were identified as having a heading, pitch or roll angle standard deviation in excess of 0.2°,
and totalled 4 per cent of all the samples considered. For the remaining samples, instantaneous
velocity signals corresponding to signal-to-noise ratios of less than 15dB and correlations of less
than 70 per cent were replaced as recommended by the sensor manufacturer [14]. The beam
velocities were then transformed to an Earth-fixed reference frame, with the horizontal velocities
then resolved into streamwise (in the direction of the mean flow) and transverse components
using the mean flow directions from the entire deployment period. Spikes in the high-pass
filtered individual velocity components were detected using the phase-space threshold technique
proposed by Goring & Nikora [12], and replaced with cubically interpolated data either side of
the spike. The effect of removing errors and despiking is demonstrated in figure 3 for a 60 s extract
from a typical sample velocity history. In general, however, the raw velocities used for analysing
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Figure 2. The frame as used in experiments with the ADV rigidly mounted to the top of the mast, prior to deployment
onto the seabed for the duration of the data acquisition period. Photo supplied courtesy of Partrac Ltd, Glasgow, UK
(http://www.partrac.com).

turbulent statistics were considered to be of high quality. Excluding samples with excessive data
motion, the instantaneous data points replaced were 5.8 per cent of the total (172 800) data points
analysed in this study, nearly all (5.4%) owing to despiking. The resulting effect on the standard
deviation of all the samples was negligible, with the median difference being 0.6 per cent, 1.5 per
cent and 2.5 per cent in the streamwise, transverse and vertical components, respectively.

The velocities were analysed (and despiked) using a sample duration of 5min (1200 data
points), computed every minute and which, therefore, overlapped. The time period of the samples
was deemed to provide an appropriate resolution from which to study the dominant turbulence
scales. A test for stationarity was conducted using the non-parametric ‘runs test’ described by
Bendat & Piersol [15], and where an average of 94 per cent of the total samples were deemed
to be stationary. The number of stationary samples decreased for lower velocities, which can
probably be attributed to a higher flow acceleration. All samples were detrended using a linear
least-squares regression technique.

4, Mean flow characterization

The 5 min time-averaged East and North velocities provide an initial basis from which to establish
the underlying nature of the flow. Their variation over the entire deployment period is shown in
figure 4. The mean flow exhibits a high degree of bi-directionality, as would be expected given
the relatively narrow passage of water at the Sound of Islay. The mean heading is 343° from
North at flood and 158° at ebb, respectively. At spring and neap tide the maximum velocities are
approximately 2.5 and 1.2ms ™!, respectively.
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Figure 3. A 60 s extract from a typical time history where U/ &~ 2.0 m s, depicting the identification and replacement of data
where the signal-to-noise ratio or correlation is too low, or where an erroneous spike is present. Raw velocities are shown in
grey and processed velocities are shown in black.
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Figure 4. The mean flow velocity magnitude and compass direction of 20 248, 5 min samples obtained every 1min over the
entire measurement period at a distance of 5m above the seabed, for both ebb and flood tides.
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Figure 5. The median-averaged streamwise, transverse and vertical velocity time histories at a distance of 5 m above the
seabed, computed from 5 min samples obtained every Tmin over two tidal cycles near spring tide. LW and HW denote low
water and high water, respectively.

In this study, the higher velocity components are analysed over the duration of two consecutive
tidal cycles near spring tide. The time histories of the time-averaged mean velocities over these
cycles are shown in figure 5. The maximum velocity magnitude is shown to be greater at ebb
tide than during the flood by approximately 0.5ms™!, but there appears to be little variability
between consecutive ebb or flood tides. The transverse and vertical velocities are comparatively of
much smaller magnitude. The vertical velocity can be observed to exhibit an underlying harmonic
variation, which is in-phase with the streamwise velocity. It is postulated that this is likely to
be due to bias in the measurement of the compass directions, which results in components of
true horizontal velocities being resolved into the vertical direction. However, the wake from the
structure and sensor, as discussed by Trevethan [16], or the topography of the seabed, may also
induce a vertical flow.

5. Turbulence characterization

(@) Turbulence intensities

The higher frequency velocity characteristics are first analysed in terms of the turbulence intensity
I;(=o;/U), defined as the ratio of the standard deviation, o;, of the streamwise, transverse and
vertical velocity fluctuation components (i =u,v,w) to the mean streamwise velocity of each
sample. This parameter provides a quantification of the magnitude of the turbulent fluctuations
and is considered to be a dominant driver of the fatigue loads on tidal turbine blades [17].

The streamwise turbulence intensity time history, computed from the 5min long samples,
is shown in figure 6a. It is shown to be relatively constant during the majority of the tidal
cycle, at approximately 13 per cent at flood and 12 per cent during ebb. These values generally
agree favourably with those presented in the literature. Osalusi [2] has presented estimates
of a parameter related to the turbulent kinetic energy density (4°/2 = (02 + 02 + 62)/2) from
ADCP measurements at the Fall of Warness, UK, for which the anisotropic ratios used by
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Figure 6. Time histories over the tidal cycle of: (a) the turbulence intensity and (b) the standard deviation of the streamwise
fluctuating velocity; and ratios of the (c) transverse and (d) vertical standard deviations to that of the streamwise component.
The parameters have been computed from 5 min samples obtained every 1min. An upper limit has been imposed on the
parameters shown, which become excessive at slack water.

Stacey et al. [18] are assumed. At 5m above the seabed, where the mean flow reached 1.5ms~,

these correspond to streamwise turbulence intensities ranging between 10 and 11 per cent. The
streamwise turbulence intensity, measured 4.6 m above the seabed at Puget Sound by Thomson
et al. [13], was found to be similar, at approximately 10-11%. Li et al. [3] have also reported on
turbulence intensities computed from ADCP measurements in the East River, New York, NY,
where the water depth was comparatively shallow, varying between 7 and 9m. They found,
however, that the streamwise turbulence intensity 5 m above the seabed in U~ 2m s~1 flows was
of the order of 25-30%. This suggests that the turbulence intensity may be somewhat site specific.
The time history of the standard deviation of the streamwise velocity fluctuations is shown in
figure 6b, and varies in phase with the tidal cycle. The standard deviation is approximately
0.27ms! during both peak flood and ebb flow, and can exceed 0.30 m s~ L. This implies that the
difference observed between the magnitudes of the flood and ebb turbulence intensity is likely to
be due to the aforementioned difference in magnitude of the flood and ebb mean velocity.

The ratios of standard deviation (or turbulence intensity) of the transverse and vertical
fluctuating velocity to that of the streamwise component are shown in figure 6¢,d, respectively.
During peak flood and ebb flow, the ratios can be observed to be approximately oy, : 0y : 0y =
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Figure 7. Normalized autospectra of measured velocity fluctuations, and empirical predictions from the von K&rman model,
plotted against reduced frequency, averaged from 119, 5 min samples obtained every 1 min 15° either side of the phase in which
maximum flood tide occurs. Median velocity (U =2ms™).

1:0.75: 0.56. Nezu & Nakagawa [19] suggest the ratios are oy : 0y : 0y =1:0.71 : 0.55 for
two-dimensional open channel flows, as inferred from experiments at relatively low Reynolds
numbers (Re~ 10%). These ratios agree well with the measured ratios, especially given the
differences between such an idealized case and that at the Sound of Islay, in terms of bathymetry
and the Reynolds number, the latter of which is several orders of magnitude greater. In terms of
the atmospheric turbulent boundary layer, the ratios of oy, : 0y : 0 =1 : 0.68 : 0.45 are suggested
in the study of Cook [20], which are lower than those measured here, and are perhaps due to them
not being based on two-dimensional flow.

(b) Velocity spectra

The turbulence intensity of the velocity functions, however, provides little insight into the
structure of the flow. Velocity autospectra have therefore been computed that can assist in
inferring the stochastic distribution of turbulent energy. The spectra analysed here are from
samples 15° either side of the phase in which the maximum flood velocity occurs. Referring to
figure 5, the mean velocity of each sample is approximately U ~2ms~!. A frequency averaging
technique was applied to smooth the spectra.

The autospectra of each of the three velocity fluctuation components are shown in figure 7,
in terms of the normalized spectral density and against a normalized frequency f(=nz/U) on
the abscissa, where 7 is the frequency in Hz and z is the distance above the seabed in metres.
The spectra exhibit the form typical of boundary layer turbulence, with an inertial subrange
proportional to f~2/3 observed at the high-frequency tail. There appears to be no dominant
spectral frequency component within the inertial subrange. The peaks of the spectra, which
are typically indicative of the scales corresponding to the large energy-producing eddies, are
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Figure 8. Ratio of the transverse and vertical spectral densities to that of the streamwise component, for 119, 5 min samples
obtained every Tmin 15° either side of the phase in which maximum flood tide occurs. Median velocity (U =2ms~"). The
(g) ratio is indicated by a solid line.

at considerably higher frequencies for the transverse and vertical components, relative to the
spectrum of the streamwise component. This suggests that there is a significant degree of
anisotropy in the large scales. At very high frequencies, f ~ 4, the spectra can be observed to
flatten, which is indicative of the influence of Doppler noise and aliasing effects. However, since
this region is relatively small, no attempts have been made to adjust the spectra.

The analysis also provides the opportunity to assess the applicability of empirical models
commonly employed to model atmospheric boundary layer turbulence. In this study, the von
Karmén empirical turbulence model [21] is used for comparison, for which the normalized
spectral density function is expressed as

S 475
n ;u _ 7714~ = (.1)
lon (1 4 70.875)>/
for the streamwise component, where 7, (=nL,/U) is a non-dimensional frequency, and
~ ~2
nS;; _ 4n;(1 + 755.2771.) 5.2)

o?  (1+282.37%)11/67

1

for the transverse and vertical components, where i = v, w.

The von Karman autospectra are superimposed on the individual spectra in figure 7, which
have been computed for integral length scales L, =17m, L, =4 m and L, =4 m. Relatively good
agreement with the relative positions of the spectral peak and inertial subrange can be observed
between the measured and modelled spectra. This suggests that the von Karmén model could
feasibly allow for a relatively realistic representation of the bottom boundary layer for this
particular tidal flow.

While the low-frequency scales exhibit anisotropy, isotropy should theoretically be observed
within the inertial subrange. Under isotropic conditions, the spectral densities of the transverse
and vertical fluctuating velocities, Sy, (1) and Sy (1), are expected to be equal to (%)SW (n), which
provides a useful test for the inception of local isotropy. The spectral density ratios computed from
the measured velocities are shown in figure 8, where the ratio for the transverse component can
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Figure 9. An example of the autocorrelation function for the three components of velocity, for a sample where the mean
velocity U = 2.0 m s, The integral time scales are computed by integrating the autocorrelation function from 7 = 0 to the
first instance of R; = 0. For this case, T, = 6.25, T, =1.9sand T, = 1.65.

be observed to approach (%) for reduced frequencies f > 0.5. The ratio of the horizontal to vertical
components appears to tend towards a smaller value of approximately 1, for reduced frequencies
f>0.8. A Syw(n) = (%)SW (n) ratio was observed by Lien & Sanford [22] in an unstratified tidal
channel. This difference is likely to be due to the horizontal velocity components being affected by
noise to a greater extent than the vertical component. Other factors such as the local topography
of the seabed or vortex shedding off the supporting frame structure may also have an influence.

() Integral scales of turbulence

The degree of anisotropy in the flow has been further investigated by considering the variation
in time of the integral time scales of turbulence. The integral time scales are a measure of the
duration for which the largest eddies remain correlated. In this study, the scales are computed for
each sample from
7(Rii(z) =0)
Ti = J Rii(‘[) d‘L’, (53)
=0

where R;i(t) is the autocorrelation function. In the streamwise direction, the autocorrelation
function is expressed as

R(u®),u(t+ 1))

2 7
u

Ruu(7) = (54)
where u is the fluctuating streamwise velocity component. The autocorrelation function is
integrated with respect to time between the limits 7 =0 and the first instance of R; =0. An
example of the autocorrelation, for a sample where the mean velocity U =2.0ms™!, is shown in
figure 9. The autocorrelation can be observed to decay as the time lag increases and also exhibits
a degree of periodicity due to large low-frequency oscillations in the flow.
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Figure 10. Time histories over the tidal cycle of: (a) the integral time scales and (b) length scales of the streamwise turbulence
component; and ratios of the integral time scales of the (c) transverse and (d) vertical standard turbulence component to that
of the streamwise component, computed from 5 min samples obtained every 1 min.

The variation of the streamwise integral time scale over the tidal cycle is shown in figure 10a.
The median streamwise time scales computed from samples within 15° of maximum flood
and ebb tide are 5.7s and 6.0s, respectively. The integral length scales of turbulence are
also shown in figure 10b, which have been estimated by invoking Taylor’s frozen turbulence
hypothesis L; = UT;. The integral length scales corresponding to the aforementioned time scales
are approximately 11.3 m during flood tide and 13.6 m during ebb tide.

Time averages over the tidal cycle of the ratio of the transverse and vertical integral time scales
to that for the streamwise scale are shown in figure 10c,d, respectively. The ratios appear to be
relatively similar, tending towards a value of approximately 0.2T,. These ratios are approximately
equal to those which were employed in the von Karman model previously. It can also be observed
that the degree of scatter is comparatively smaller in the transverse and vertical scales than in the
streamwise scales.

In terms of comparisons with open channel flow theory, Nezu & Nakagawa [19] suggest that
in two-dimensional flow in the lower half of the water column the streamwise integral scales
conform to the relationship

Ly~ zh, (5.5)

where /1 is the channel depth and z is the distance from the seabed.
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Assuming such a relationship, an integral length scale of 16 m and a time scale of 8s would
be expected for this study. This agrees relatively well with the scales computed in the present
measurements, supporting a scaling with channel depth and distance from the seabed. This is
despite the Reynolds numbers in the present study being several orders of magnitude greater
than those for the experiments (Re ~ 10*) from which equation (5.5) was developed.

6. Discussion

The unsteady performance and loads of a tidal turbine are typically analysed within the industry
by using a synthesized velocity field. Often, atmospheric empirical spectral models have been
employed in lieu of such a model for turbulence in a high-velocity tidal stream. The velocity
spectra computed in this study suggest that an atmospheric spectral model is likely to enable a
reasonably accurate representation of the turbulence, notably in the inertial subrange.

Obtaining the integral scales of turbulence, which are required to compute the spectral density,
may be difficult, however, owing to their relatively large fluctuations and sensitivity to low
frequencies. However, the findings appear to suggest that they are functions of the channel
geometry and distance from the seabed. It is also important to consider that the level of agreement
observed between the atmospheric and measured velocity spectra may be due to the tidal
channel at the Sound of Islay being relatively narrow, and, as Heathershaw [5] discusses, it is
possible that the agreement could be reduced for wider flows where there are potentially larger
transverse scales of motion. Also this study only considered the spectra at maximum velocity,
during near spring tide, and at one height point above the seabed. Any differences that may
exist between slower flows, over a spring—neap tidal cycle, or through the water column have not
been considered.

Whether or not an accurate estimate of the integral time scale is necessary can be argued.
A parametric assessment of the sensitivity of the fatigue loads of tidal turbine blades by Milne
et al. [17] indicated that the integral length scales have a much smaller role than the turbulence
intensity. The variations in the turbulence intensity of the velocity are shown here to be relatively
low, and one would expect to be able to obtain an estimate of the turbulence intensity with a good
degree of confidence.

While point measurements permit the instantaneous velocities to be analysed at relatively high
frequencies, it should also be appreciated that the transverse and vertical spatial variation of the
streamwise velocity cannot be measured. The spectral characteristics of the freestream velocity
incident on a rotating turbine blade differ from those for a fixed point. Large eddies, non-coherent
across the rotor plane, can be encountered multiple times by a rotating blade. This results in an
effective increase in spectral energy at multiples of the rotational frequency, and a decrease in
energy at the frequencies in between, relative to the fixed point spectrum.

Connell [23] has derived an analytical expression for the turbulent velocity spectrum for a
point on a rotating blade from the von Karman turbulence spectrum and corresponding coherence
functions. The model was employed in Milne et al. [17] to explore the implications of rotational
sampled turbulence on a typical tidal turbine. Obtaining high-frequency point measurements
over a sufficiently wide area, which would enable the spatial coherence to be measured and the
model to be verified, is inherently challenging in a fast-flowing tidal stream. One would expect
however, given the relatively good agreement that was observed between the measured and the
von Karman spectra, that the analytical form of the rotational sampled spectrum in the study of
Connell [23] would permit sensible predictions of the dominant frequencies.

7. Conclusions

The objective of this study was to gain an understanding of the turbulence characteristics in the
bottom boundary layer of the tidal stream at the Sound of Islay, where the maximum flow velocity
is approximately 2ms~!. The findings will be of interest to the tidal stream energy industry and
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are expected to lead to greater confidence of performance and load predictions for devices in
unsteady flow.

The turbulence intensity at 5m above the seabed was found to be relatively constant over
the tidal cycle, at approximately 12-13% in the streamwise direction and 9-10% and 7-8% in
the transverse and vertical directions, respectively. A much greater degree of scatter was found
within the computed integral time scales and length scales, which averaged 6 s and 11-14 m in the
streamwise direction at maximum flow, respectively. The transverse and vertical integral scales
were of significantly smaller magnitude.

The velocity spectra, computed at maximum flow, exhibited an integral subrange, and
evidence of local isotropy was found between the streamwise and transverse spectral energy. The
spectra conformed well to empirical models for atmospheric boundary layer turbulence, implying
that a realistic tidal flow could be synthesized using such models. This agreement also appears to
suggest that existing analytical models for the rotational sampled spectrum will be useful, in lieu
of measurements of the transverse and vertical spatial coherence of the turbulence.
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