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Measurements of Turbulence at Two Tidal
Energy Sites in Puget Sound, WA

Jim Thomson, Brian Polagye, Vibhav Durgesh, and Marshall C. Richmond

Abstract—Field measurements of turbulence are presented
from two sites in Puget Sound, WA, that are proposed for elec-
trical power generation using tidal current turbines. Time series
data from multiple acoustic Doppler instruments are analyzed to
obtain statistical measures of fluctuations in both the magnitude
and direction of the tidal currents. The resulting turbulence
intensities (i.e., the turbulent velocity fluctuations normalized by
the deterministic tidal currents) are typically 10% at the hub
heights (i.e., the relevant depth) of the proposed turbines. Length
and time scales of the turbulence are also analyzed. Large-scale,
anisotropic eddies dominate the turbulent kinetic energy (TKE)
spectra, which may be the result of proximity to headlands at each
site. At small scales, an isotropic turbulent cascade is observed
and used to estimate the dissipation rate of TKE, which is shown
to balance with shear production. Data quality and sampling
parameters are discussed, with an emphasis on the removal of
Doppler noise from turbulence statistics. The results are relevant
to estimating the performance and fatigue of tidal turbines.

Index Terms—Acoustic Doppler current profiler (ADCP),
acoustic Doppler velocimeter (ADV), marine and hydrokinetic
energy, tidal energy, tidal power, turbulence, turbulence intensity.

I. INTRODUCTION

HE successful development of turbines to generate elec-

tricity from tidal currents requires detailed knowledge of
the inflow conditions. Computational or laboratory models are
able to simulate the basic flows, however it is not possible, at
present, to directly model the turbulence at all of the relevant
scales. Rather, the turbulence must be estimated from field ob-
servations of the flow, which are inherently sparse and noisy.
This paper presents field observations from two tidal energy
sites and then evaluates a set of turbulence metrics. The focus
is on ambient turbulence (i.e., natural turbulence before the in-
stallation of turbines) and the goal is to provide characteristic
design conditions for tidal turbines.

In the analogous case of observations at wind energy sites,
the key parameters are the turbulence intensity (ratio of velocity
fluctuations to velocity mean) and the turbulence spectra (ve-
locity variance as a function of frequency) measured at turbine
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hub height (i.e., the axis of the turbine). These parameters have
been shown to correlate with turbine performance and struc-
tural fatigue, with distinct contributions from: naturally occur-
ring turbulence, ambient increases within a wind farm, and the
wakes of individual turbines [1]. More detailed analyses of co-
herent turbulence have also been introduced [2], [3].

Information about turbulence is essential to optimizing the
design of wind or water turbines. Performance and design codes
require information about the 3-D structure of turbulence. For
example, the FAST code developed by the National Renewable
Energy Laboratory (Washington, DC), is an unsteady aerostruc-
tural code forced by the TurbSim model, which is a turbulent
(coherent and incoherent) simulator initialized with field mea-
surements. These, and other, design codes have helped the wind
industry reach its present state of maturity and reliability. Lever-
aging this experience would benefit tidal energy development,
but a critical gap in developing comparable design codes for
tidal turbines is a lack of information about ambient turbulence.

There have been few observations of naturally occurring tidal
turbulence and no observations of turbulence within a turbine
farm (all but one of the installations worldwide have been single
device demonstrations). Of the previous tidal studies, most have
focused on the hydrodynamics of the turbulent kinetic energy
(TKE) budget, rather than the inflow conditions for turbines. Be-
ginning with an early observational study to confirm the theoret-
ical turbulent energy cascade at small scales [4], several studies
have evaluated the key dynamics quantities of turbulent shear
production, dissipation rate, and transport [S]-[10]. A key as-
pect of these studies has been error correction from acoustic
Doppler measurements of velocity. Recent work has also ad-
dressed the utility (and limitations) of similarity theory in TKE
spectra in tidal channels [11].

Recently, studies of more direct relevance to tidal turbines
have been published. Observations from the European Marine
Energy Centre (United Kingdom) have been used to evaluate
Reynolds stresses, TKE density, the rates of TKE production
and dissipation, and the local eddy viscosity [12]. Previous ob-
servations from a tidal energy site in Puget Sound, WA, have
been used to assess turbulence intensity and demonstrate the im-
portance of accounting for instrument error (i.e., “noise”) from
acoustic Doppler measurements [13]. Here, we extend those
techniques to a new, more extensive, data set, including a second
site, and examine the time and length scales of the naturally oc-
curring turbulence. The emphasis is on providing the best sta-
tistical description of the natural inflow conditions for tidal tur-
bines and the results are restricted to turbine hub heights for
consistency with wind energy literature [1]. Evaluation of the
TKE budget is included, however it is largely to evaluate data
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quality and noise corrections, rather than investigate the hydro-
dynamics. Predictions of actual electricity production and de-
scription of the overall site characteristics are given in [14] and
[15]. These turbulence measurements represent an important
step in the development of robust design tools that will improve
the survivability, reliability, and performance of tidal turbines.

A. Decomposition of Velocity Components

We present field observations of tidal currents from two sites
and decompose the observed horizontal currents into

u(z)=u+au+u. (1)

The velocity vector u is defined from components wi + 7,
which are along and across the principal axis of the tidal flow, re-
spectively, and vary with distance above the seabed z. The field
observations are fixed in space, and thus variations in [z, | are
neglected. (For a description of spatial variations at tidal power
sites, see [16].)

Here, u is the background (deterministic) tidal flow that can
be modeled using harmonic constituents [17], but may also
contain local aharmonic currents [18], [14]. This background
flow is nearly constant on short time scales (i.e., minutes).
The 1 velocities are flows resulting from external forcing,
such as wind- and density-driven (estuarine) flows [19], or
surface-wave orbital velocities, which decay beneath the sur-
face as cosh(kz)/cosh(kh), where the wave number % is from
linear theory, z is the distance above the seabed, and % is the
total water depth [20]. Finally, the u’ are turbulent velocity
fluctuations, which span length and time scales from large
eddies to small isotropic turbulence [21], [22]. The statistical
treatment of these fluctuations is the focus of this paper.!

In addition to fluctuations of velocity magnitude «' = |u’|,
we examine fluctuations of direction §" from the principal axis
of the tidal flow. Directional fluctuations may be important for
the yaw control of a turbine, or off-axis power projections in the
case of a fixed-yaw turbine. Analyses include the relative inten-
sity of these fluctuations, the frequency spectra and length scales
of these fluctuations, and the dynamic balance of turbulence pro-
duction dissipation. The focus is on the horizontal component
of the currents, as those are most relevant to tidal turbines, and,
as shown in the analysis (Section III-D), the horizontal currents
contain the majority of the TKE, compared with the vertical cur-
rents.

II. DATA COLLECTION

A. Instruments and Sampling Considerations

The tidal currents are measured using acoustic Doppler
instruments, which estimate the flow speed by evaluating the
Doppler shift of acoustic pulses along different axes. Acoustic
Doppler velocimeters (ADVs) sample a small volume [O(1 cm)
diameter] using three (or sometimes four) convergent acoustic
beams to infer three components of velocity at a point. Acoustic
Doppler current profilers (ADCPs) sample larger volumes [O(1

Note that magnitude fluctuations, as opposed to component fluctuations, are
used for consistency with wind energy studies. An important consequence, for
interpretation and comparison of results, is that the variance in the magnitude
will be less than the sum of variances in the components.
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m) diameter] over a set of range bins using three (or sometimes
four) divergent acoustic beams to infer three components of
velocity at multiple points along a profile.2 Both instruments
have intrinsic standard errors n, which result from estimating
the Doppler shift of finite-length acoustic pulses and are termed
“Doppler noise” [23]. The Doppler noise is typically much
larger for ADCPs than for ADVs, and often many measure-
ments, or “pings,” of ADCP data are averaged to reduce the
standard error. However, for turbulence calculations, averaging
obscures the velocity variance. Instead, the raw pings must be
retained, and Doppler noise must be removed from the velocity
variance statistically [5], [6], [9], [24], [13]. For measurements
of tidal energy sites, bottom-mounted ADCP deployments are
far more practical than hub-height ADV measurements. The
practicality is at the expense of increased Doppler noise n and
larger sampling volumes. The measurements herein compare
a collocated ADV and ADCP, as well as ADCPs with varied
sampling parameters, to quantify the impact of Doppler noise
in calculating turbulence statistics.

In choosing sampling parameters for an ADCP, there is a
tradeoff between longer pulses (i.e., larger range bins) with
lower Doppler noise and shorter pulses (i.e., smaller range bins)
with higher Doppler noise. For example, smaller bins will give
spuriously larger raw turbulence intensities even in the case of
perfect steady flow (with no true turbulent fluctuations). Since
the theoretical corrections for Doppler noise are imperfect (see
Section III), it is preferable to choose the largest bins tolerable
(and thus reduce the amount of noise that must be later removed
from the turbulence statistics). One option for choosing a sam-
pling scheme is to require Doppler noise values that are notably
smaller than the expected turbulent fluctuations u’, based on a
priori knowledge of the tidal flow % and a canonical turbulence
intensity I, ~ 10% [13]. Another option is to set the bin size
to be the minimum resolution required for determining vertical
shear of the mean flow d/dz.

In addition to a dependence on bin size (via pulse length),
the Doppler noise of ADCP measurements depends on sampling
rate fs. The sampling rate determines the number of raw pings
N that are averaged per velocity value, and the Doppler noise is
reduced by a factor v/ N . Time averaging can be used in postpro-
cessing to reduce Doppler noise, at the expense of temporal res-
olution. However, temporal resolution is essential to capture the
turbulent fluctuations. An appropriate sampling rate f; can be
determined by considering the frequency f at which a horizontal
eddy with a length scale similar to the beam spread Ab will ap-
pear when advected by the tidal flow u, according to Talyor’s
“frozen field” hypothesis

Uu

s = —. 2

fo= = @)
In practice, f, should be twice this estimate to avoid aliasing,
but may be limited by the instrument. For isotropic turbulence,
the vertical bin size Az could be substituted for the beam spread
Ab in (2), and along-beam velocity fluctuations could be an-

alyzed. However, horizontal fluctuations are most relevant to

2ADCP is a common term from the manufacturer Teleydyne RDI (Poway,
CA). The acoustic wave and current meter (AWAC) is similar instrument from
Nortek (Oslo, Norway), and the same sampling considerations apply.
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TABLE I
SUMMARY OF DEPLOYMENT LOCATIONS, SAMPLING PARAMETERS, AND DOPPLER NOISE

Site Nodule Point Nodule Point Admiralty Head | Admiralty Head
Instrument Nortek Vector ADV | RDI Workhorse ADCP Nortek AWAC Nortek AWAC
Frequency [MHz] 6.0 0.6 1.0 1.0

Lat N 48 01.924° N 48 01.924° N 48 09.141° N 48 09.088’
Lon W 122 39.689° W 122 39.689° W 122 41.300° W 122 41.129°
h [m] 22 22 62 56

z [m] 4.7 3.2-20.6 1.1-20.1 1.1-20.1

T [days] 43 17 11 32

fs [Hz] 32 2 1 1

N [pings] 1 1 7 7

Az [m] n/a 0.5 0.5 1.0
Ugmb [M/S] 2.0 2.0 n/a n/a

n [m/s] 0.02 0.156 0.224 0.112
Zhub [mM] 4.7 4.7 8.1 8.1
Abpyp [m] n/a 2.6 6.8 6.8

tidal turbines, and these fluctuations require information from
multiple ADCP beams. Thus, the beam spread is the limiting
length scale. Either way, the goal is to restrict analysis to length
scales (and corresponding frequencies) that are accurately mea-
sured by the instrument. The beam spread Ab increases with
distance from the instrument, so this requirement will be more
restrictive for hub heights farther above the seabed (assuming a
bottom-mounted ADCP).

The sampling parameters used in this study are shown in
Table I, including the sampling frequency f,, the number of
raw pings averaged IV, the bin resolution Az, and the Doppler
ambiguity velocity u,,,n [23]. Analysis at each site uses a hub
height (zn41, distance above the seabed) that is specific to the
turbine proposed for that site. The corresponding beam spread
Ab (horizontal distance) at hub height also is given in Table I.
For the first site (Nodule Point), collocated ADV and ADCP
measurements provide a direct comparison of observations with
different Doppler noise. For the second site (Admiralty Head),
sequential AWAC? measurements provide an indirect compar-
ison of observations with different Doppler noise by varying
the sampling parameters. The Doppler noise values shown in
Table I are obtained from the instrument manufacturers’ deploy-
ment software, and potential biases from these values are dis-
cussed in Section III-A.

Since time averaging can be done in postprocessing, the raw
ADCP and AWAC data were recorded to maintain maximum
flexibility in data analysis. This is in contrast to bin size (i.e., the
pulse length), for which the Doppler noise dependence cannot
be modified in postprocessing by averaging vertical bins, be-
cause the Doppler shift of pulses is computed onboard the in-
strument. Doppler noise is also a function of acoustic pulse fre-
quency, and higher frequency profilers are preferred, subject to
range limitations (see Table I).

B. Sites

Fig. 1 shows the sites, along with the instruments and plat-
forms used. Additional site details are presented in Table I, in-

cluding the total depth at the site /& and the turbine hub height
(#nun, distance above the seabed) that is specific to the turbine
proposed for that site.

Nodule Point, on the eastern side of Marrowstone Island, is
the proposed location for a small array of Verdant Power™ tur-
bines as a demonstration project by the U.S. Navy. Velocity
profiles were collected from February 10 to February 17, 2011,
using an ADCP mounted on a leg of the Tidal Turbulence Tripod
(Fig. 1). In addition, high-precision velocity measurements were
collected during the spring tide from February 17 to February
21, 2011, using an ADV mounted at the apex of the Tidal Tur-
bulence Tripod, 4.7 m above the seabed. The ADV has a sub-
stantially lower Doppler noise n (see Table I) and thus can be
used to evaluate noise-corrected estimates from the ADCP. For
the purpose of data analysis, a turbine hub height of 4.7 m above
the seabed is assumed, which is within 1 m of the proposed hub
height (still to be determined by Verdant Power™). The site is
22 m deep and has a maximum hub-height current %(zpy,) =
1.8 m/s.

Admiralty Head, on the western side of Whidbey Island, is
the proposed location for two OpenHydro™ turbines as a pilot
project by the Snohomish Public Utility District. Velocity pro-
files were collected in two deployments of an AWAC mounted
on a Sea Spider (Fig. 1): from February 10 to February 21,2011
and from May 9, 2011 to June 8, 2011. The change in sampling
parameters from the first to the second deployment (increase in
bin size, and thus pulse length) resulted in a lower Doppler noise
n (see Table I). The variation in Doppler noise can be used to
evaluate the robustness of postprocessing noise correction (as-
suming similar conditions between the two deployments). For
the purpose of data analysis, a turbine hub height of 8.1 m above
the seabed is assumed, which is within 1 m of the proposed hub
height (still to be determined by OpenHydro™). The site is 56 m
deep and has a maximum hub-height tidal current of @(zy,,)
3.2 m/s.

Both sites are in close proximity to headlands, which can
cause flow separation and produce large eddies, depending on
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Sea Spider |

AWAC

ADV

ADCP

Tidal Turbulence Tripod

Fig. 1. Regional map, bathymetry, and locations of two tidal energy sites in Puget Sound. At Admiralty Head, a Sea Spider was deployed on the seafloor to collect
AWAC data. At Nodule Point, the Tidal Turbulence Tripod was deployed on the seafloor to collect ADV and ADCP data. The Sea Spider was ballasted with 800
1b of lead (ingots), and the Tidal Turbulence Tripod was ballasted with 1800 b of steel (railroad wheels).

the balance of tidal advection, bottom friction, and local accel-
eration due to the headland geometry [25], [26]. Such eddies
have been shown to account for much of the form drag in a tidal
channel [27], [28]. Here, these eddies are shown to dominate the
turbulent inflow conditions for tidal current turbines.

III. ANALYSIS

Data from both sites are quality controlled to remove spikes
and points with low pulse correlations [29]. Data preparation is
described fully in [30]. Both sites are sufficiently deep that wave
orbital velocities are negligible at hub height [20], however data
preparation for other sites may require isolation of wave orbital
velocities using methods such as the “Z-test” [31].

The continuous time series are parsed into 5-min (300-s) win-
dows for turbulence analysis. Five minutes was empirically de-
termined to be the longest duration with a stable mean and vari-
ance (i.e., stationary statistics) that did not require detrending
to remove the tidal signal. Longer windows can be used by re-
moving a linear or quadratic trend, however results are sensitive
to the detrending scheme and the underlying hydrodynamics
may not be stationary. Windows shorter than 5 min tend to un-
derestimate the variance because the large-scale eddies are not
well captured. Data were processed using 1-, 3-, 5-, 10-, 15-,
and 20-min windows before settling on the 5-min windows pre-
sented here.

For turbulence analysis, each 5-min window uses a sepa-
rate principal axes decomposition to determine a mean direc-

tion #. This is in contrast to the single principal axes decompo-
sition used for site characterization [15], [14] and is intended
to avoid contamination of the turbulence estimates by progres-
sion through the tidal ellipse. If, instead, the tidal mean direction
was used, the turbulence metrics would be biased by the offset
between the tidal mean and the 5-min mean. The subsequent
velocity relative to this axis is analyzed for the magnitude and
direction of fluctuations »’ and #’, respectively.

Example time series of the hub-height speed measurements
from the February deployments are shown in Fig. 2. Both the
raw data horizontal « and the 5-min averages # are shown, as
well as the expected Doppler noise deviation of raw data @ £ n.
Of course, the Doppler noise error in the 5-min averages is much
less, because an ensemble of N pings, corresponding to 5 min,
is used to determine @ =+ n/v/N . Both sites show mixed semidi-
urnal tides with flows exceeding 2 m/s, as previously described
by [15]. Both sites also exhibit a full range of time scales, from
short turbulent fluctuations «" to the aharmonic components that
disrupt the otherwise sinusoidal shape in the tidal flow .

Throughout the following analysis, horizontal speeds « are
used and decomposed according to (1). Periods of “slack” flow,
where & < 0.8 m/s, are excluded as they are not operationally
relevant for tidal turbines (i.e., below “cut-in” speed).

A. Turbulence Intensity I,

The turbulence intensity of a flow is defined as the ratio (or
percentage) of the turbulent fluctuations (typically the standard
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Nodule Point, Zob= 47m
ub

——ADCP
3 ——ADV

u [m/s]

18 Feb 2011
Admiralty Head, Z b= 8.1m

— AWAC Feb

u [m/s]

18 Feb 2011

Fig. 2. Example velocity data from nominal hub heights during the February
2011 deployments at (top) Nodule Point and (bottom) Admiralty Head. Raw
values are shown as points and 5-min averages are shown by the solid lines.
The Doppler noise of the raw data is shown with dashed lines above and below
the averages (the standard error of the averages is not shown, as it is minimal).
The defined “slack” velocities are shaded in gray.

deviation of speed #,,) to the mean flow. Commercial compu-
tational fluid dynamic (CFD) codes (e.g., FLUENT) and hy-
droelastic models used to simulate tidal turbine performance re-
quire specification of a turbulence intensity, and it is a standard
metric in the wind energy industry. For acoustic Doppler mea-
surements, a noise-corrected expression of turbulence intensity
is [13]

Tu (u?) — n?
(u) @

where the brackets indicated a time average of 5 min and {u) =
u. The noise correction is valid only in the statistical sense, not
as a correction to individual fluctuations. As such, it is sensitive
to the number of realizations considered and Doppler noise will
still result in some spreading of the corrected I,,, even in the
case of a unique mean 1,, [32]. This definition assumes velocity
fluctuations are normally distributed; nonzero higher moments
in the distribution will introduce errors.

Fig. 3 demonstrates the importance of noise correction by
comparing the standard deviation of velocity o, = +/{u/?)
from the ADV and ADCP at Nodule Point. Before removal of
Doppler noise [, = +/{u/?) — n? as in (3)], the ADCP stan-
dard deviations are almost twice the ADV values. After correc-
tion for Doppler noise, the values are in general agreement, but
notable scatter remains. This scatter suggests that the Doppler
noise value n prescribed by RDI’s PlanADCP™ software is an
incomplete description of the measurement uncertainty. For ex-
ample, Lemmin and Lhermitte [33] found that Doppler noise
depends on flow speed, and Williams and Simpson [9] found
RDI’s PlanADCP noise values to be biased low. The incom-
plete removal of Doppler noise will cause resulting turbulence
intensities to be biased slightly high, and thus be conservative
for the purpose of tidal design specification. However, failing

3

Nodule Point, Z b= 4.7m
0.35 T T T :

Raw
+ Corrected

el
N
T

u

ADCP ¢ _[m/s]
©
o

1 | I

0.2 0.25

0 0.05 0.1 0.15
ADV o, [mis]

Fig. 3. Comparison of raw and corrected ADCP velocity standard deviation
to ADV velocity standard deviation at the same location and height above the
seabed. The dashed line indicates perfect agreement.

to account for Doppler noise at all would result in unnecessarily
high factors of safety for turbine designs.

Here, we define an empirical Doppler noise as n. =
VW 2hep) — (W2hy), using the ADV values as ground truth.
As shown in Fig. 4, the empirical values increase with flow
speed, similar to the findings of [33], and are most often greater
than the given PlanADCP value for speeds relevant to tidal
turbines (nonslack # > 0.8 m/s). The mean nonslack value is
n. = 0.174 m/s, compared with the PlanADCP value of n =
0.156 m/s. Thus, the noise-corrected turbulence intensity (3)
will be biased high when using the PlanADCP value, because
not all of the noise has been removed from the variance. For
many deployments, it may not be practical to deploy an ADV
at hub height for ground truth and then noise correction of
ADCP data must rely on a prescribed value. This is the case
for the Admiralty Head data set, and we use the value given by
Nortek’s AWAC deployment software.

Wake turbulence from the tripod is another possible source
of differences between ADV and ADCP variances. While the
ADYV sample volume is above the tripod structure, the corre-
sponding ADCP bin does overlap vertically with the tripod pro-
file. Tripod wake would be preferentially biased on ebb or flood,
depending on which tide had the ADCP downstream of the
structure (see Fig. 1), and the data do not indicate such a bias.

Turbulence intensities are calculated for both data sets using
the profile bin at hub height zp,,, and the resulting average
I,, values are shown in Table II Mean noise-corrected turbu-
lence intensities are around 10% for both sites and all instru-
ments. This result is notable in similarity to many wind en-
ergy site studies. However, wind studies have shown turbu-
lence intensities to be log-normal distributed, rather than nor-
mally distributed [1]. Thus, a better description of the mean is
exp|[({In(7,)}]. For the distributions obtained here, the difference
is negligible.

Histograms and cumulative distributions of I,, are shown
in Fig. 5. Cumulative distributions for 7,, without the Doppler
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TABLE II
SUMMARY OF DEPLOYMENTS, AVERAGE TURBULENCE INTENSITIES, AND PEAK LENGTH SCALES

Site Nodule Point Nodule Point Admiralty Head | Admiralty Head
Instrument | Nortek Vector ADV | RDI Workhorse ADCP Nortek AWAC Nortek AWAC
I, [%] 8.4 114 11.8 9.5
Iy [%] 4.3 7.7 6.0 5.2
Lpeax [m] 81 72 164 152
Nodule Point, z,  =4.7m Nodule Point, z , =4.7m
I ADCP ||
z l | I —rell
| I . .
| 0 5 10 15 20 25 30
I, [%]
| 1 . : =
- ——ADCP
@ Q 0.5+ e ——ADV i
E 1 .
= 0 ; f i ; L
c 0 5 10 15 20 25 30
Iu [%]
i Admiralty Head, z, . =81m
2001 [l AWAC Feb |
;] = Il AWAC MayJun
0 | A n
0 5 10 15 20 25 30
‘ 1, [%]

0 0.5 1 1.5 2

<u> [m/s]
Fig. 4. Empirical Doppler noise versus mean flow speed at Nodule Point. The
empirical Doppler noise is square root of the difference between the variance
in the ADV velocities and the variance in the ADCP velocities from the same
height above the seabed (24, = 4.7 m). The dashed horizontal line indicates

the constant Doppler noise given by RDI’s PlanADCP software, and the gray
area indicates slack conditions (& < 0.8 m/s).

noise correction are also shown in Fig. 5 (and are dramatically
higher). Although the noise correction in (3) improves agree-
ment between the different measurements, there is still a bias of
high I,, values from the higher noise measurements. At Nodule
Point, the bias can be attributed to errors in the constant Doppler
noise value n = 0.156 m/s from PlanADCP, as determined by
comparing the cotemporal and collocated measurements (e.g.,
Fig. 4). At Admiralty Head, a direct comparison of independent
measurements is not possible because the two data sets are of
different durations and during different seasons (although both
data sets span spring-neap conditions). Still, using the Doppler
noise values from the Nortek AWAC software, which differed
between the two deployments, gives reasonable agreement in
noise-corrected turbulence intensity.

For the second deployment of the AWAC at Admiralty Head,
increasing the bin size reduced the Doppler noise substantially
and thus reduced the affect of noise removal. The resulting cor-
rected turbulence intensities are slightly smaller for the second
deployment, despite the reduced spatial resolution. Assuming
conditions were comparable between deployments, this demon-
strates both the significance of Doppler noise and the dominance
of large-scale motions.

The turbulence intensities are a function of %, as shown in
Fig. 6, and suggest a convergence of I,, values at higher flow

| ——AWAC Feb
AWAC MayJune]]|

L 1

0 5 10 15 20 25 30
1, [%]

Fig. 5. Histograms (N) and cumulative distribution functions (CDFs) of tur-
bulence intensity at Nodule Point (upper panels) and Admiralty Head (lower
panels). All values are corrected for Doppler noise, except the dashed lines in
the CDFs.

speeds. The turbulence intensities may be also a function of
the relative position in the mixed semidiurnal tidal cycle (e.g.,
greater versus lesser ebb), however the data do not support a sta-
tistical distinction of turbulence intensity by the peak velocity
of each cycle. At the Admiralty Head site, there is a difference
in turbulence intensity by direction, with all of the larger inten-
sities (I, > 25%) occurring on ebb. This likely is related to
the nearby headland being upstream on ebb and downstream in
flood [16].

B. Characteristic Fluctuation o..

In wind studies, the standard deviation of turbulence intensi-
ties oy at binned « values has been used to define a characteristic
standard deviation of speed o for use in turbine design, which
is [1]

.= I, +1.2901)u ())
which is equivalent to the 90th quantile for a log-normal distri-

bution of turbulence intensities. This is problematic for appli-
cation to tidal ADCP measurements because the Doppler noise
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Nodule Point, Z = 4.7m

— ADCP
= ADV
£ |
i :
Admiralty Head, Z b= 8.1m
= AWAC Feb
= AWAC MayJun
g B
_3

0 0.5 1 1.5 2 25 3 3.5
<u> [m/s]

Fig. 6. Turbulence intensity versus mean speed at (top) Nodule Point and
(bottom) Admiralty Head. Individual 5-min values are shown as points, and
the averages at mean speed bins of 0.25 m/s are shown as solid lines. The gray
area indicates slack conditions (7 < 0.8 m/s).

Nodule Point, Z = 4.7m

Q)
E
bO
Admiralty Head, z, ,~=8.1m

—— AWAC Feb : § ;

— AWAGC Maydun| -+
£ :
o 02 T
©

0 0.5 1 1.5 2 25 3 3.5
<u> [m/s]

Fig.7. Characteristic turbulent velocity fluctuation versus tidal velocity at (top)
Nodule Point and (bottom) Admiralty Head. The gray area indicates slack con-
ditions (& < 0.8 m/s).

broadens the distribution of I, values [32]. However, the re-
sulting o, values shown in Fig. 7 are largely consistent between
the ADV and the ADCP at Nodule Point and between the dif-
ferent AWAC deployments at Admiralty Head. In contrast to the
intensities I,,, the o, values are not normalized and continue to
increase with increasing mean speed #. Further work is needed
to assess the utility of the o, metric for tidal turbines and the
appropriate model for the distribution of I,, values.

C. Time Scales: Frequency Spectra Sy, (f)

Frequency autospectra of horizontal velocities « and vertical
velocities w are calculated from the ADV data at Nodule
Point using four overlapping subwindows of 128 s each and
shown in Fig. 8. The spectra show the TKE components as
a function of frequency f, such that (u?) = [ S,.(f)df
and (w'?) = [ Suw(f)df. (Horizontal velocity u is along
the principal axis determined for each 5-min ensemble, as

Nodule Point ADV, z  =4.7m

= = =vertical

Turbulent Kinetic Energy [n12/s2 Hz"]

Doppler noise

10
Frequency [Hz]

Fig. 8. Horizontal and vertical TKE versus frequency from the Nodule Point
ADV. Individual spectra (5-min windows divided into four subwindows and en-
semble averaged for eight degrees of freedom with frequency bandwidth df =
0.0078 Hz) are shown as fine lines, and the means of all spectra are shown as a
thick lines. Slack periods (@ < 0.8 m/s) are excluded.

discussed in Section I-A.) The frequency spectra in Fig. 8 have
three distinct regions: large-scale eddies at low frequencies, an
isotropic eddy cascade at midfrequencies, and Doppler noise at
high frequencies.

At low frequencies (f < 0.1 Hz), horizontal motions are far
more energetic than vertical motions, consistent with large-scale
anisotropic (2-D) eddies. The vertical motions likely are sup-
pressed at these frequencies by the available water depth (see
Section III-D). The low-frequency spectra are less steep than
within the inertial subrange, which suggests that the large eddies
may be advecting through the site without participating directly
in the energy cascade (see next paragraph). Although the loga-
rithmic axes do emphasize the low frequencies, these frequen-
cies dominate the total TKE even when integrated over linear
frequency bands. If the subwindows are extended to longer du-
rations to observe even lower frequencies, the lowest frequen-
cies rise toward the M4 and M6 shallow-water tidal constituents
(not shown), which are known to be significant at this site [18].
Unfortunately, the low-frequency TKE, which is by far the most
energetic, does not have a simple f dependence that can be ex-
ploited to derive a standard input for tidal turbines. Likely, the
spectra of these large, energy-containing eddies are site-specific
consequences of nearby topographic features (e.g., headlands,
sills), which generate nonequilibrium upstream turbulence. Re-
cent work suggests that general boundary layer power laws for
spectra (i.e., Kaimal or Ogive curves) are commonly observed
in tidal flows, however the power laws are not constrained well
enough for universal application [11].

At midfrequencies (0.2 < f < 2 Hz), there is an inertial
subrange with a classic f ~5/3 cascade [21]. As expected for
isotropic (3-D) homogenous turbulence, the horizontal and ver-
tical TKE levels are similar. This cascade transfers energy from
large scales (i.e., lower frequencies) to small scales (i.e., higher
frequencies), where it can be dissipated by viscosity. This cas-
cade is used to estimate the TKE dissipation rate in Section III-F.
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At high frequencies (f > 2 Hz), horizontal spectra become
flat as a result of Doppler noise [34]. The Doppler noise is not
observed for the vertical component because of the ADV beam
geometry, which has a smaller projection coefficient in the coor-
dinate transform. At slack tidal conditions (z < 0.8 m/s), how-
ever, even the vertical spectra exhibit noise flattening at high
frequencies (not shown). The Doppler noise can be reduced in
postprocessing by assuming the noise is normally distributed
and uncorrelated from the true turbulence, and then an exten-
sion of the f~5/% inertial subrange is observed [35]. This noise
correction improves the subsequent estimation of the TKE dis-
sipation rate (see Section III-F).

The associated ADCP and AWAC frequency spectra (not
shown) have substantial Doppler noise at frequencies above
0.3 Hz, but are similar to the ADV frequency spectra at low
frequencies. The large sampling volumes of the ADCP and the
AWAC prohibit analysis of small scale turbulence, and thus
disagreement at high frequencies is expected. In all cases, the
noise level of the spectra (i.e., that flat tail at high frequencies)
is consistent with a predicted n?/(Ngprdf), which is the
spectral density of the noise variance. [/Nppr is the number
of points in the fast Fourier transform (FFP) and df is the
frequency bandwidth.]

D. Length Scales: Fractional Turbulence Intensity I,,(L)

The frequency f spectra of horizontal TKE can be converted
to horizontal length scales L using Taylor’s “frozen field” as-
sumption with an advection speed of & such that

L= (5)

| &

This assumption is only valid for the frequency range of co-
herent motions (i.e., if the turbulence evolves faster than it is
advected, the length scales will be aliased). This range could
be empirically evaluated using a horizontal array of velocity
measurements. However, this would be cost prohibitive for
most tidal energy sites. Here, instead, we apply an a priori limit
of horizontal length scale analysis as the distance to the shore
(largest scale) and beam spread Ab of the acoustic Doppler
measurement (smallest scale). The shore distances are 550 and
650 m, respectively, for Nodule Point and Admiralty Head, and
the beam spreads are 2.6 and 6.8 m (see Table I). [Per (2), these
beam spreads at hub height correspond to f; = 1.4 Hz and
fs = 0.5 Hz at Nodule Point and Admiralty Head, respectively,
which are within the actual f, = 2.0 Hzand f, = 1.0 Hz used.]

An important detail in this change of variables is the Jacobian
of the transform, which gives the nonuniform length bandwidth
dL = uf 2df, such that variance is preserved in either repre-
sentation

/Suu(L)dL: / Suu(f)af 2 df. (6)

The resulting spectra partition the turbulence into length scales,
which can then be restricted to the scales relevant to tidal tur-
bines.

Since the spectra S, represent the velocity variance at a par-
ticular scale, the velocity standard deviation at a particular scale
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Fig. 9. Fractional turbulence intensity of horizontal motion as a function of
length scale at (top) Nodule Point and (bottom) Admiralty Head. Thin lines are
individual 5-min records, and thick lines are nonslack averages.

is given by v/.S,.,. Thus, we can define a “fractional” turbulence
intensity at each length scale as

n2
. \/IL; <Suu(L)  Nepr dL) "
2n (L) = - (7

U

where the integral over a range of lengths converts the spectral
density (normalized by convention) to units of variance, and the
n?/(NpprdL) term corrects for the portion of Doppler noise
contained in that variance (assuming uniform noise distribution,
or “white” noise). Here, NppT is the number of points in the
FFT, n is the Doppler noise, and a summation over all length
scales regains the total turbulence intensity I, = > i,(L).
Thus, 7,,( L) is the fractional turbulent contribution at each scale
of motion.

The fractional turbulence intensity from both sites and all in-
struments is shown in Fig. 9. As expected from the ADV fre-
quency spectra (Fig. 8), the length dependence shows distinct
regions, including a cascade of decreasing turbulence at small
scales and broad region of high turbulence at large scales. The
smallest scales, where Doppler noise is known to severely con-
taminate the observations and the sample volume is limiting, are
excluded from this analysis. The dominant length scales Lyeax
for Nodule Point and Admiralty Head are approximately 75 and
150 m, respectively, and each about three times the local water
depth. This is consistent with a transition from highly energetic
anisotropic eddies at larger scales to an isotropic cascade at
smaller scales, which are limited by either water depth or strat-
ification. However, the peaks in 4, (L) are broad and only mar-
ginally significant at the 95% confidence level, restricting any
further inference on length scales dynamics.

The broad distribution of length scales is in contrast to most
wind energy siting studies, which typically show a strong
maxima of TKE at mesoscales and a decrease at very large
scales [36]. However, the lack of a preferential turbulence
scale at these sites is consistent with wind studies in areas of
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Fig. 10. Histograms (N) and CDFs of directional intensity at Nodule Point
(upper panels) and Admiralty Head (lower panels). All values are corrected for
Doppler noise, except the dashed lines in the CDFs.

strong topography, which are more analogous to tidal channels
[40]. Here, the dominant length scales likely are related to the
headland lengths and widths [25].

It is important to note the restriction of the length scale anal-
ysis to horizontal motions (Fig. 9). Determination of the hori-
zontal velocities requires a coordinate transformation across the
profiler beams, which assumes homogeneity across the beams.
The beam spread at hub height Aby,, is given in Table I, and
may be interpreted as the minimum length scale of turbulence
that is measured accurately by the profiler. Smaller scales can
be resolved using the along-beam velocities, but only if those
scales are isotropic and the advection by % is considered [see
(5)]. For the purpose of obtaining the bulk turbulence intensities
1, these ADCP limitations are negligible, because the larger
scales set the intensity. For the purpose of examining the full
turbulence spectrum, including the small scales, ADV measure-
ments are required.

E. Directional Intensity Ig

Fluctuations in the direction 6 of tidal currents may also be
important for turbine performance, and a directional turbulence
intensity can be defined as

180 n\ 2
12\ _ _
\/w - (5°2)
Iy =

90

®

where we use the small angle approximation
¢ = (180/m){(v'/u) to introduce a noise-correction
term (n/u)?. Raw ¢’ values are generally small (less than 15°),
consistent with this approximation. The denominator of 90°
corresponds to completely off-axis flow (i.e., perpendicular to
the principal axis of the mean tidal current).

TKE budget
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Fig. 11. Comparison of turbulent shear production rate versus dissipation rate
at Nodule Point (ADV data only). The red dots are the raw spectra and the blue
dots are spectra processed via noise autocorrelation.

Mean directional intensity values are presented in Table II
and are less than 10% for all instruments. Fig. 10 shows the
histograms and cumulative distributions of the directional in-
tensities for both sites and all instruments. Cumulative distribu-
tions for Iy without the Doppler noise correction are also shown
(and are dramatically higher). Although the noise correction im-
proves agreement between the different measurements, there is
still a trend of high Iy values from the higher noise measure-
ments. The trend is consistent with evaluation of an empirical
Doppler noise n. that is both higher and velocity dependent,
compared with the constant value n from instrument manufac-
turer software.

In addition to directional fluctuations, complex rotary spectra
from the ADV data can be used to examine the rotational sense
of the directional variations at each frequency [37]. The rotary
spectra are flat (not shown), indicating there is no dominant
sense of rotation (i.e., clockwise and counterclockwise motions
are equally present at all frequencies, consistent with isotropy).

F. Turbulent Kinetic Energy Budget

It is useful to examine the TKE budget to understand the dy-
namics of the turbulence and, eventually, improve numerical
models in these regions (e.g., [38]). The full TKE budget can
be written as

D
Dt(TKE)—I—V~’T_73 € )
where D/ Dt is the material derivative (of the mean flow), 7
is the turbulent transport, P is production (via shear and buoy-
ancy), and € is dissipation rate (loss to heat and sound). The
production and dissipation rates are evaluated for the Nodule
Point ADV data set and compared in Fig. 11. For the Admiralty
Head data set, only the dissipation rate is estimated, because
production estimates require either direct estimates of Reynolds
stresses via ADV measurements, or inference from a four beam
ADCP [7].
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The dissipation rate ¢ is estimated from the ADV velocity
spectra using

Sww(f) _ (162/3f—5/3 (E) 2/3 (10)

2

where « is a constant taken to be 0.69 for the vertical spectra.
Determination of the dissipation rate is improved by removing
noise from the TKE spectra using the noise autocorrelation
(NAC) method [35]. The production via Reynolds stresses
(from ADV data) acting on the mean shear (from ADCP data)
can be estimated as

dU
dz
and buoyancy production is found to be negligible in this en-
ergetic, well-mixed environment. [Stratification, as measured
using CTDs mounted at 1.85 and 2.55 m above the seabed, is
small [<0.05 practical salinity unit (PSU) between instruments]
during all nonslack conditions.] Fig. 11 shows rates of produc-
tion and dissipation at Nodule Point, with scatter around a local
balance (i.e., 1 : 1 line). The local balance is more prominent for
dissipation rates obtained via the NAC method than for dissipa-
tion rates obtained via raw spectra [35]. For either method, there
remains significant scatter around the local P — ¢ balance, which
suggests that transport of TKE may be important. Significant
transport of TKE would be consistent with previous studies [8]
and consistent with qualitative observations of eddy shedding
off the nearby headland.

The dissipation rate € also is estimated from the along-beam
ADCP and AWAC data using the spatial structure D(z, ) of the
turbulence, where z is the vertical location and r is the distance
between velocity fluctuations as [10]

D(zr) = (v/(2) - /(2 + 1))2).

P =—(u'w) (11)

(12)

Assuming a cascade of isotropic eddies in the inertial subrange,
D(z,r) has the form Ar?/% — 2n?, where A is determined for
each z and n is the Doppler noise. The dissipation rate ¢ is then
calculated from [39]

D(z,r) = C2e2/3,2/3 (13)

where C2 is a constant taken to be 2.1. The vertical dependence
of dissipation is discussed in the following section.

G. Depth Profiles I,,(z)

Applying (3) at each depth bin z, a vertical dependence of tur-
bulence intensities I, () is obtained and shown in Fig. 12, along
with vertical profiles of the TKE dissipation rate [from (12) and
(13)]. The dissipation rate is not estimated for the lowest two
bins of the profile because there are not enough lag distances
to evaluate (12). Both the turbulence intensities and dissipation
rates decrease monotonically with elevation above the seabed,
as expected for a well-developed boundary layer (i.e., “law of
the wall”). At Nodule Point, where the profiles extend to the
water surface, there is a reversal at the top of the profiles and
an increase near the surface. This increase is expected because
waves contribute additional velocity variance and wind stress
forces dissipation. At Admiralty Head, where the profiles ex-
tend to less than half of the water depth (a consequence of the
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Fig. 12. Vertical profile of turbulence intensity (left panels) and dissipation
rate (right panels) at Nodule Point (upper panels) and Admiralty Head (lower
panels). Thin lines are individual 5-min records, thick lines are nonslack aver-
ages, and the large red dot is the ADV nonslack average. The horizontal dashed
lines indicate the mean water level at the site.

1-MHz acoustic frequency of the AWAC), the turbulence in-
tensity and dissipation trend to a constant value well above the
seabed. A few profiles show a reversal, however those profiles
are associated with low backscatter amplitudes (<50 counts) in
the upper bins and likely are spurious. (The 1-MHz AWAC may
not achieve the full 20-m range under all conditions.)

An area-weighted integral of a vertical profile of turbulence
intensities I,,(#) can be defined as

- 14
\/R2 - |Z — Zhub 2 ( )
where I? is the radius of a turbine. For the observations de-
scribed here, there is negligible difference from the simple hub-

height value.

1 Iu(z)|z - Zhub|(Az)2
Tu= w2 Z

IV. DiscussioN

A. Application

Accurate turbulence intensity values are important for pre-
dicting the fatigue of materials used in tidal turbines. Turbu-
lence creates time-varying stress which will fatigue most ma-
terials more rapidly than constant stress. In the wind power in-
dustry, fatigue can be quantified using damage equivalent loads
(DELSs), which are evaluated for each component of a turbine
and foundation [1]. The DEL is the constant load that is equiva-
lent to the time-varying loads over a standard number of cycles
(107 cycles at 1 Hz, for wind). A high DEL suggests a material
will fail early, and thus the DEL is useful in selecting the appro-
priate turbine for a site. Estimation of DELs requires simulating
the stress history of a material component, typically using an
aeroelastic model, based on the measured turbulence intensities.
For tidal turbines, the hydroelastic models necessary to simulate
the stress history are still in development, and the turbulence in-
tensity values herein can be used to initialize these models.
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The distributions, or spectra, of turbulent length scales also
are important to tidal turbines. From these measurements, two
dynamic scales are identified: 1) large-scale eddies, which are
predominantly horizontal motions at scales greater than the
water depth; and 2) small-scale turbulence, which follows an
isotropic cascade of decreasing energy with decreasing scale.
This partitioning is approximate, because the turbulence is a
continuum of motion across these scales. Still, the partitioning
is useful in considering the portion of the total turbulence that
may be relevant to tidal turbines. Specifically, the large scales
dominate the velocity variance but may not be the critical scales
for tidal turbines. More likely, tidal turbines will respond to
turbulence on scales similar to the rotor diameters [O(10) m] or
the blade cord lengths [O(1) m]. Band-limiting the integration
of the fractional turbulence intensity (7) to the relevant length
scales will provide a reduced turbulence intensity compared
with the total turbulence intensity (3). This reduced turbulence
will reduce the DELs, and possibly the associated costs, of
turbines for a given site. More experimental and numerical
work is needed to understand the structural and performance
response of tidal turbines at different length scales, before this
application.

Another potential application of these results is in estimation
of turbine performance on short (i.e., turbulent) time scales.
Given prior knowledge (from experimental or numerical
studies) of turbine response as a function of frequency R(f),
it may be possible to predict the variation from steady power
production P = (1/2)epu3 to variable power production
P(fH= R(f)(l/Z)epSS{,vz(f). Here, ¢ is the turbine efficiency
(which may be a function of mean speed @), S, (f) is the
horizontal TKE, and p is the density of seawater. For a constant
turbine response function R(f), the turbine power production
spectra would scale as P(f) ~ f %2 over the frequency
ranges of isotropic turbulence [where S.,,,(f) =~ f%/%]. More
likely, turbine response functions will be highly dependent on
frequency, based on the geometry, mass, and generator load of
a particular turbine.

B. Future Work

Major limitations in the analysis of ADCP (and AWAC) tur-
bulence measurements are the statistical removal of Doppler
noise and the restriction to length scales greater than the beam
spread (or bin size, in the case of along-beam velocities). A
potential future improvement to the ADCP (and AWAC) mea-
surements would be faster sampling rates that would allow for
more pings to be averaged and still obtain data at O(1) Hz.
However, these faster raw sampling rates would only reduce the
Doppler noise (by averaging more pings). The faster raw sam-
pling would not allow for smaller scale analysis (because the
sampling volume is still limiting).

For observations of smaller length scales or with reduced
noise, ADV measurements are required. Here, ADV measure-
ments were used to verify the successful statistical correction
of Doppler noise from the ADCP measurements. A future
improvement would be a hybrid instrument, using convergent
beams and pulse coherence (as an ADV) on a larger scale (as
an ADCP) to make precision velocity measurements at hub

height from a bottom-mounted platform. This hybrid instru-
ment would be more practical than the deployment of ADVs at
turbine hub heights [O(10) m above the seabed].

Finally, future measurements also might use arrays of mul-
tiple instruments to evaluate the assumption of coherent length
scales when analyzing data from a single point [i.e., (5)]. Such
array measurements would further constrain the general struc-
ture of eddies at tidal energy sites. There is a clear motivation for
these measurements, because coherent eddies have been shown
to produce the highest stresses in wind turbines [2], [3].

V. CONCLUSION

This paper demonstrates the utility of ADCP (and AWAC)
measurements for observing turbulence at tidal energy sites,
develops a set of metrics for describing the turbulence, and
presents results from two sites with pending turbine deploy-
ments. Since there have been few previous turbulence measure-
ments at tidal energy sites, especially sites with currents above
3 m/s, the results provide some of the first realistic conditions
for estimating the fatigue loads and the performance of tidal tur-
bines.
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