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a b s t r a c t

This study demonstrates a site resource assessment to examine the temporal variation of the current
speeds, current directions, turbulence intensities, and power densities for a tidal energy site in the East
River tidal strait. These variables were derived from two months of acoustic Doppler velocimeter (ADV)
measurements at the design hub height of the Verdant Power Gen5 hydrokinetic turbine. The study site
is a tidal strait that exhibits semi-diurnal tidal current characteristics, with a mean horizontal current
speed of 1.4 m s�1, and a turbulence intensity of 15% at a reference mean current of 2 m s�1. Flood and
ebb flow directions are nearly bi-directional, with a higher current speed during flood tide, which skews
the power production towards the flood tide period. The tidal hydrodynamics at the site are highly
regular, as indicated by the tidal current time series that resembles a sinusoidal function. This study also
shows that the theoretical force and the power densities derived from the current measurements can be
significantly influenced by the length of the time window used for averaging the current speed data.
Furthermore, the theoretical power density at the site, derived from the current speed measurements, is
one order of magnitude greater than that reported in the U.S. national resource assessment. This
discrepancy highlights the importance of conducting site resource assessments based on measurements
at the tidal energy converter device scale.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The siting and design of a single tidal energy converter (TEC), or
an array of TECs, requires characterization of the spatial and tem-
poral variation of the current speed and the turbulence acting on
the proposed energy extraction plane (EEP) of the TEC. This char-
acterization is necessary in order to: 1) determine the hydrody-
namic forces, array configuration, and resulting available power
estimates over a representative period of record; and 2) design the
structural loading and power capacity of the TEC. These charac-
teristics influence project financing decisions that will support the
development of pilot and commercial tidal projects.

Due to the deterministic nature of tidal hydrodynamics, which
are predominantly governed by lunar and solar orbital cycles, it is
generally accepted that temporal characteristics of tidal flows,
including daily, spring, and neap tidal cycles, can be predicted with
: þ1 505 844 6541.
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reasonable accuracy over the project life of a hydrokinetic turbine
array. However, the hydrodynamic conditions can vary greatly over
short distances [1]. In addition, current speed fluctuations due to
turbulence at high frequencies (~10 Hz) can contribute significantly
to the hydrokinetic energy resource [2]. National assessments of
tidal current energy resources (e.g., [3e5]), while valuable for
estimating the overall theoretical resource over a large area to
advise national planning of tidal energy sites, do not provide the
degree of spatial and temporal resolution required to site and
design individual TECs or arrays. National assessments may also
miss small “hot spots” that could be viable sites for TECs. High fi-
delity measurements, such as those collected in this study, can help
address some of the known limitations of national scale
assessments.

Best practices for tidal energy site resource assessments are in
development [6], including the instruments needed for collecting
current speed and turbulence measurements, deployment strate-
gies for these instruments, and methods for post-processing and
analyzing raw instrument measurements; however, such practices
have yet to be universally adopted. Tidal energy site resource
assessment studies, e.g. Refs. [7e12], are providing invaluable data
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and experience that will help formulate and improve tidal energy
site resource assessment practices, while also improving our
knowledge of the range of hydrodynamic conditions that are pre-
sent at tidal energy sites under consideration for commercial-scale
projects.

Although an acoustic Doppler current profiler (ADCP) is
commonly used for tidal energy site resource assessments (e.g.,
[1,6,9,13]), an ADCP does not typically have sufficient spatial and
temporal resolution to characterize turbulence within the inertial
and viscous sub-ranges. This shortcoming is due to its relatively low
data output rate and large sampling volume. As such, an acoustic
Doppler velocimeter (ADV), which typically has a higher data
output rate and a smaller sampling volume than the ADCP, is often
preferred for turbulence measurements. ADV measurements of all
three components of the instantaneous velocity at the planned hub
height centerline of the EEP are especially valuable for site hydro-
dynamic and resource characterization. ADV measurements can
also be used to modify turbulent inflow models, e.g., TurbSim [14],
to evaluate the effects of unsteady turbulent loading on TECs by
providing accurate inflow boundary conditions for high fidelity
computational fluid dynamics (CFD) and turbine design models
such as FAST [15] and CACTUS [16].

Since long-term ADV measurements (>1 month duration) at
many locations are expensive, and therefore impractical, moving-
vessel ADCP measurements are still needed to determine the
magnitude and spatial distribution of mean tidal current speeds
and power densities at tidal energy sites. Developing cost-effective
ADV deployment strategies and improving the accuracy of ADCP-
derived turbulence measurements is an active area of research
[7,12,17e23].

The goal of this study is to conduct a resource assessment based
on ADV measurements collected at the centerline of the EEP of a
TEC to be located at a tidal energy site. This study examines the
temporal variability, frequency, duration, direction, and magnitude
of variables such as mean current speed, turbulence, hydrodynamic
force, tidal power and tidal energy over a two-month period. These
parameters are derived from three instantaneous velocity compo-
nents (u, v and w) measured at the proposed rotor hub height
(zhub ¼ 4.25 m) of a Verdant Power Gen5 hydrokinetic turbine. In
addition, the average power density, determined bymeasurements,
is compared to the modeled value reported in the national tidal
current energy resource assessment [3].
Fig. 1. (a) RITE study site and NOAA tidal stations (Horns Hook and Queensboro Bridge) in N
tower showing the two velocimeters.
2. Study site

Verdant Power's Roosevelt Island Tidal Energy (RITE) site was
licensed in January 2012 by the Federal Energy Regulatory Com-
mission (FERC) for a 1.05 MW array of up to 30 turbines. FERC
project No. 12611 is the first commercial pilot license for a tidal
power project granted in the United States [24e27]. Infrastructure
installed for previous turbine and instrument deployments at the
site, and the federal and state permits obtained for such de-
ployments, were important factors that helped facilitate the pre-
sent study.

The RITE Project site boundary encompasses an area approxi-
mately 1000 m by 100 m in a distributary channel of the East River
tidal strait, which connects Long Island Sound in the North and
New York Harbor in the South. The site is located on the east side of
Roosevelt Island, between the boroughs of Manhattan and Queens,
New York City (Fig. 1a). The tidal currents are mainly driven by
pressure head differences between the New York Harbor inlet to
the South and the Long Island Sound outlet to the North [28]. The
maximum flow rates at the site have yet to be quantified with
certainty. Numerical models predict 7662 m3 s�1 in one study [25],
and 3571 m3 s�1 in another [29]. The channel's Reynolds number
(Re) at both of these maximum discharges and mean higher high
water (MHHW) is on the order of 107. The Reynolds number was
calculated using the channel's bulk current speed and water depth.
The water depth is an approximate value of the channel's hydraulic
radius, assuming a wide channel with a wetted perimeter nearly
equal to the top width. NOAA tidal stations located at Horns Hook
and Queensboro Bridge (Fig. 1a), and USGS Site No:
404810735538063 (Harlem River at Randall's Island), provide his-
torical records of water surface levels (h) in close proximity to the
study site [30]. The difference between the mean lowwater (MLW)
and the mean high water (MHW), the mean tidal range, is 1.3 m.

3. Methods

The present study deployed two upward-looking Sontek
10 MHz ADVs at the RITE site. The ADVs were mounted on a tower
and placed at a proposed deployment location for a Verdant axial-
flow passive-yaw hydrokinetic turbine rotor (rotor radius
r ¼ 2.5 m). The locations of the ADVs are shown in Fig. 1b, with the
positive x direction pointing along the ebb current. The x, y and z
ew York's East River Tidal Strait, (b) ADV tower location at the study site, and (c) ADV
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axes of the ADV were closely aligned with the longitudinal, lateral,
and vertical directions in the channel. The vertical component of
the instantaneous velocity (w) was found to be negligible compared
to the horizontal components, u and v. The ADVs measured the
three instantaneous velocity components at the design turbine hub
height (zhub ¼ 4.25 m); one located at the center point of the pro-
posed rotor-plane and the other located 0.5m from the center point
in the same plane (Fig. 1c). The ADV sampling volumes were placed
approximately 0.5 m above the top of the tower, to minimize the
effects of the tower supports altering the current flow. In this study,
only measurements from the centerline ADV are presented because
the difference in the magnitude of the current speed and the
spectral energy density derived from each velocimeter was not
significant due to the short separation distance between the two
ADVs. An attempt to synchronize the two ADVs was not successful.

In order to resolve most of the major tidal harmonic constitu-
ents, measurements over a minimum period of 35 days are
required. This study collected data for 67 days, from 9 June to 15
August 2011. According to the criteria suggested by Nezu and
Nakagawa [31] and García et al. [32], with the flow and geometric
characteristics of the RITE site, a minimum of an 8 Hz ADV data
output rate is required to adequately characterize turbulence down
to the inertial sub-range. Data output rates of 20 Hz (between 9
June and 17 July) and 10 Hz (between 17 July and 15 August) were
used. The velocity-range parameter for each ADV was set to
3.6 m s�1 to minimize signal aliasing in the horizontal current ve-
locity measurements. Spikes, which can have a significant contri-
bution to the total turbulent kinetic energy, were detected using
the phase-space-thresholding (PST) method [33] and replaced with
the overall average value of the time series using the data post-
processing code described in Ref. [34]. Instantaneous values of
hydrodynamic force per unit area (force density, FD) and power per
unit area (power density, PD) were calculated using Equations (1)
and (2):

FD ¼ F
A
¼ 1

2
r u2c (1)

PD ¼ P
A
¼ 1

2
r u3c (2)

where r is the water density (1025 kg m�3) and uc is the instan-
taneous horizontal current (m s�1).

Turbulence intensities were calculated fromADVmeasurements
over a time interval long enough to minimize the variations caused
by large-scale eddies, but short enough to ensure the current speed
within this period is relatively stationary. A five-minute window
Fig. 2. Variation of (a) mean horizontal current speeds and (b) RMS of horizontal current
collected on 13 July 2011.
averaging time (WAT) for calculating the turbulence intensity was
selected because it is the duration over which the time-averaged
mean horizontal current (uc) and the root-mean-square (RMS)
current horizontal current speed (suc ¼

ffiffiffiffiffiffiffiffiffiffi
u0cu0c

q
) converged. Fig. 2a

and b show how uc and suc values change with the WAT for six
different datasets collected on 13 July 2011. Themean velocities and
RMS of velocities fluctuate forWATs less than 180 s (3min), because
large-scale eddy effects are not completely smoothed by the aver-
aging process. The mean velocities and RMS of velocities are
smoothers for WATs greater than 180 s. However, their values
gradually increase or decrease with respect to the WAT because of
tidal changes. More pronounced gradients are observed when
current speed magnitudes are relatively small (<1 m s�1) during
the slack tide period. Overall, the variables uc and su are relatively
constant for WAT values between 3 and 5 min.
4. Results and discussion

4.1. Site characteristics

The semi-diurnal variation of the water level (h) and the varia-
tion of the corresponding five-minute-averaged horizontal current,
uc, over a 4-day period around the full moon (spring tide) are
shown in Fig. 3. The uc values during this period oscillate between
0.0 and 2.4 m s�1. There are two peak ebb and two peak flood
current speeds, and two high-water levels and two low-water
levels occurring in each tidal cycle. The average mean current
speed over the entire period of record (POR) is 1.4 m s�1, which is a
reasonable estimate of the mean annual current speed for the RITE
site. The daily peak flood and peak ebb current speeds (ucmax ) occur
at the inflection points of the water surface level time series (Fig. 3).
The dominant tidal harmonic constituent at the RITE site is an M2
harmonic (T¼ 12.42 h), according to [30,35]. This was also shown in
the spectral energy density plot of the instantaneous horizontal
current speed (uc) in the low frequency range f 2 [10�5 10�3] Hz
(not shown) and in the calculations of major tidal current constit-
uents and their amplitudes using the T_Tide Harmonic Analysis
Toolbox code [36]. The results of the T_Tide harmonic analysis are
presented in Table 1. The variable normalized amplitude is the
amplitude of the constituents, normalized by the amplitude of the
M2 constituent. The values of the normalized amplitude variable
indicate that the M2, N2, and S2 harmonic constituents are the
three most dominant constituents at the site.

Due to its relatively straight and uniform channel geometry, the
tidal hydrodynamics at the RITE site are highly regular. The tidal
current speed pattern resembles a sinusoidal function, with nearly
constant current speeds for every peak ebb and peak flood tide.
speeds with current speed averaging window (WAT). The six different datasets were



Fig. 3. Four-day time series of 5-minute averaged horizontal current speed and water
surface levels for the two NOAA stations, the Horns Hook (HH) and Queensboro Bridge
(QB) in New York, proximate to the RITE study site.
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High regularity is desired by electric utilities because it allows ac-
curate supply forecasting and scheduling. Tidal hydrodynamics are
expected to be less regular at sites with more complex bed geom-
etry like Admiralty Inlet in the Puget Sound, WA, USA, where close
proximity to the headlands causes flow separation and shedding of
vertically oriented vortices (eddies), resulting in multiple anhar-
monic currents that disrupt the otherwise sinusoidal shape in the
tidal flow [7].

The peak horizontal current speeds (ucmax ) for the entire POR at
the Horns Hook station are shown in Fig. 4. The high water (HW),
which includes both the higher high water (HHW) and lower high
water (LHW), and the low water (LW), which includes both the
higher lowwater (HLW) and lower lowwater (LLW), are also shown
in the same figure. On average, the difference between the MHW
and MLW is 1.39 m at the Horns Hook station and 1.28 m at the
Queensboro Bridge station [30]. All peak flood and peak ebb current
speeds are greater than 1.5 m s�1, well above the 1.0 m s�1 turbine
cut-in speed. The spring tidal current speeds, which occur around
the full and newmoon, are typically 0.5 m s�1 higher than the neap
tidal current speeds, which occur around the first and third quarter
moon. The peak ebb current speeds are consistently 15% less than
the peak flood current speeds, which skews the power production
towards the flood stage of the tide.
4.2. Current directions

The joint probability distribution (JPD) of the instantaneous
horizontal current speeds (uc) and the instantaneous current
Table 1
Major tidal current constituents and their amplitudes for the entire period of record
(POR) calculated using the T_Tide Harmonic Analysis Toolbox [37].

Tidal current
constituents

Period
(solar hours)

Amplitude
(m s�1)

Normalized
amplitude

M2 12.421 1.569 1.000
N2 12.658 0.482 0.307
S2 12.000 0.127 0.081
K1 23.934 0.037 0.024
O1 25.819 0.031 0.020
M4 6.210 0.049 0.031
M6 4.140 0.015 0.009
S4 6.000 0.004 0.002
MS4 6.103 0.010 0.007
directions (q) for the 20 Hz measurements is shown in Fig. 5a. The
uc values and q values are discretized into 0.1 m s�1 and 1� bins. The
solid white lines are the mean ebb direction (qebb ¼ 15:1�) and
mean flood direction (qflood ¼ 195:9�). The mean ebb direction
( qebb) was calculated iteratively with an initial value chosen arbi-
trarily. Subsequent mean ebb directions were obtained by aver-
aging instantaneous current directions, with uc values greater than
1 m s�1, lying between qebb � 90� and qebb þ 90�. Iterations were
continued until the mean ebb direction value converged. The mean
flood direction for current speeds with uc > 1 m s�1 was calculated
using the same approach, but with a different data range,
q2½qflood � 90�$ qflood þ 90��. The mean ebb and mean flood cur-
rent directions are nearly aligned with a phase difference of 180.8�

(Fig. 5a).
The JPD plot in Fig. 5a shows several clusters with different

current speeds, which indicates that the current directions are
similar for a given value of current speed, but changes for different
values of current speed. For the ebb tide, for example, the current
directions are concentrated around 18� for uc ¼ 1.5 m s�1 and
around 16� for uc ¼ 1.9 m s�1. This variation is also observed in JPD
plots constructed using a shorter POR. JPDs were constructed from
five-minute averaged datameasured during a rising limb (Fig. 5b), a
peak tide (Fig. 5c), and a falling limb (Fig. 5d) in a single ebb cycle.
The locations and intensities of the clusters are nearly identical for
the rising limb plot (Fig. 5b) and the falling limb plot (Fig. 5d). In all
four plots (Fig. 5aed), clusters, which have the same current
speeds, are in the same region of the JPD. The same pattern is
observed for data measured during flood tides (not shown). These
patterns indicate that the stage within the tidal cycle (rising,
peaking, falling) has no influence on the variation of the current
speed with the current direction. The variation of the current speed
with the current direction, which is also shown on the JPD plots
with a shorter POR, suggests that this variation is likely caused by
turbulence. An abrupt change in current direction may change the
rotor's orientation, which could adversely affect power generation
and unsteady loading. The forces generated from small-scale tur-
bulence, however, are generally too small to be able to change the
rotor's orientation. Nonetheless, more research is needed to iden-
tify the turbulence time scales that are able to change the rotor's
orientation.

The shape of the 5-minute current direction histogram (Fig. 5e)
also changes with the mean current speed. In general, a higher
current speed will lower the root-mean-square error of the current
direction; as shown by the lower kurtosis value (higher peak and
narrower width) for the peak tide histogram compared to the rising
and falling limb histograms.

The average difference in current direction can be quantified
using the root-mean-square (RMS) of the current directions (sq).
The RMS values for each of the current directions for ebb and flood
flowswere calculated using the same data domain used for qebb and
qflood calculations. The values of sq are 8.6� for the flood tide and
10.1� for the ebb current. For fixed yaw turbines, changes in the
current direction would result in reduction of the hydrokinetic
power that can be extracted. Assuming a constant current speed of
2.5 m s�1, a deviation in the current direction of 10� from the
principal current alignment can decrease the generated power by
4.5%, while a deviation of 20� can decrease the generated power by
17%. This off-axis power was calculated using Eq. (2), with the
projected off-axis velocity as an input [37].

4.3. Horizontal current RMS and turbulence intensities

Turbulence intensity is a standard parameter in wind site clas-
sification for specifying the appropriate wind turbine design class
and for predicting unsteady loads [38]. At the RITE site the



Fig. 5. Joint probability distribution (JPD) of instantaneous horizontal current speed (uc) and direction (q) at the study site for: (a) the entire POR, (b) a 5-minute period during a
raising limb of an ebb tide (uc ¼ 1.48 m s�1), (c) a 5-minute period during a peak ebb tide (uc ¼ 1.92 m s�1), (d) a 5-minute period during a falling limb of an ebb tide
(uc ¼ 1.50 m s�1), and (e) the frequency histogram of the current directions for the rising, peak and falling ebb cases. The velocity bins for the JPD plots are in 0.1 m s�1 intervals and
the direction bins are in 1� intervals. The solid white lines represent the principal directions of the mean flood and mean ebb current speeds (uc). The color code represents the
fraction of samples in the bin out of the total number of samples. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 4. Peak horizontal current speeds, high water (HW), and low water (LW) at Horns Hook tidal station for the study period.
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Fig. 7. Horizontal and vertical velocity spectral energy densities of 474 individual 5-
minute velocity time series measured between 13 July 2011 and 15 July 2011 for uc
greater than 1 m s�1. There were 4 ebb and 4 flood events during this measurement
period. The spectra were calculated using the Welch method in MATLAB [39]. Each 5-
minute time series was divided into four segments using a window function (Ham-
ming) [39], with a 50% overlap, and ensemble-averaged for eight degrees of freedom
with a frequency bandwidth df ¼ 0.0098 Hz.
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turbulence intensity (Iuc
¼ suc=uc) is 15% at a reference mean cur-

rent of 2 m s�1, as shown in Fig. 6a. However, the Iuc
versus uc

relationship bifurcates for horizontal current speeds greater than
1.2 m s�1, with higher turbulence levels for the same mean current
speed occurring on the ebb tide. The higher turbulence levels
observed on the ebb tide (Fig. 6a and b) are caused by the irregular
channel geometry upstream of the ADV locations (Fig. 1a).

The turbulence intensity (Iuc
) is a measure of the average tur-

bulent fluctuations, normalized by the mean current speed (uc).
Turbulence intensity values are typically inversely correlated with
the mean current speed. For the study site, for example, Iuc

de-
creases from 23% at 1 m s�1 to 13% at 2.4 m s�1 on the flood tide as
shown in Fig. 6a. The root-mean-square current speed (suc ) is an
absolute measure of the average turbulent fluctuations (not
normalized), and is positively correlated with the unsteady loads.
As shown in Fig. 6b, the decrease in the turbulence intensity (Iuc

), in
the previous example, coincides with an increase in the root-mean-
square current (suc ) from 0.24 m s�1 to 0.28 m s�1 during the peak
flood; and 0.24 m s�1 to 0.33 m s�1 during the peak ebb. The root-
mean-square current (suc ), and therefore the unsteady loads,
actually increase even though at, the same time, the turbulence
intensity decreases.

The force density (FD) derived from the maximum instanta-
neous horizontal current speed (uc), 6.3 kN m�2, is twice of that
derived from the maximum five-minute time-averaged current
speed. The reason for this is the maximum instantaneous hori-
zontal current speed, 3.5 m s�1, is significantly higher than the
maximum five-minute time-averaged current speed, 2.5m s�1. This
observation highlights the importance of considering high fre-
quency current speed measurements for determining extreme
loads on TECs.

4.4. Turbulent kinetic energy

The spectral energy density (SED) plots for the instantaneous
horizontal current speed (uc) and instantaneous vertical current
speed (w) are shown in Fig. 7. These plots were constructed from
474 individual five-minute time series measured on 13e15 July
2011 when uc was greater than 1m s�1. The spectra were calculated
using the Welch method in MATLAB [39]. Each 5-minute time se-
ries was divided into four segments using a window function
(Hamming) [39], with a 50% overlap, and ensemble-averaged for
eight degrees of freedom with a frequency bandwidth
df ¼ 0.0098 Hz. Three distinct regions are observed in Fig. 7: A low-
frequency region (f < 0.1 Hz), where the turbulent kinetic energy
Fig. 6. Joint probability distribution of (a) turbulence intensity of the horizontal current (Iu
study site, and (b) root-mean-square (RMS) of the horizontal current speed (suc ¼

ffiffiffiffiffiffiffiffiffiffi
u0cu0c

q
). Th

(For interpretation of the references to color in this figure legend, the reader is referred to
(TKE) content is highest, and horizontal components dominate over
vertical components, indicating anisotropic turbulence; a mid-
frequency region (0.2 < f < 0.5 Hz), which is the inertial sub-
range where energy cascades, SEDf f �5/3, and horizontal and
vertical components are nearly balanced; and a high frequency
region contaminated by Doppler (instrument) noise, which re-
sembles white noise. One would expect to have similar magnitudes
of the SED components in the inertial sub-range, which is an
indication of isotropic turbulence. This study shows differences in
magnitudes between the horizontal and vertical component of the
SEDs along the inertial sub-range. The smallest difference (less than
10�2 m2 s�2 Hz�1) is located between 2 � 10�1 < f < 5 � 10�1. The
spectra flattening for the vertical component (Sww) starts at a
higher frequency (f ¼ 2 Hz) than that for the horizontal component
(Sucuc ) due to the relative orientation of the ADV acoustic beam
angles for the vertical velocity component relative to the horizontal
velocity component.
c
), calculated from one month of measurements at 20 Hz data output rate at the RITE
e color indicates the fraction of the data out of the total number of samples, in percent.
the web version of this article.)
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4.5. Effect of temporal averaging of current speed on force and
power densities

The values of FD and PD calculated using Equations (1) and (2)
are highly influenced by the window averaging time (WAT) used
to calculate the mean current speed (input variable for the equa-
tions). To investigate the sensitivity of FD values on the WAT,
normalized mean and maximum FD values were plotted against
WATs that range from 1/20 s (not averaged) to 1 day. All mean FD
values were normalized using the mean FD value calculated using
the reference mean current speed. All maximum FD values were
normalized using the maximum FD value calculated using the
reference maximum current speed. The same approach is also used
for plotting the normalized mean and maximum PD values. The
reference mean current speed and reference maximum current
speed are derived using a one second WAT. This particular WAT
value was selected based on Chamorro et al. [40]. Chamorro et al.
[40] suggests that the fluctuations in the turbine power time-series
are sensitive to the inflow turbulence features at the low frequency
bands bounded by a critical frequency fc, approximately 1.5 times
the turbine rotational frequency (fT). With a typical rotational fre-
quency of 0.67 Hz, the Gen5 turbine has a critical frequency of 1 Hz.
The inverse of the critical frequency, one second, was selected as
the reference WAT value.

In order to determine the relationship between the turbulence
length scales at the site and the critical frequency, the turbulence
integral time scales for 3700 five-minute time series were calcu-
lated using the autocorrelation function of the current speed time
series. The average integral time scale was 0.2 s (f ¼ 5 Hz), smaller
than the inverse of critical frequency (fc), where 1/fc ¼ 1 s. Applying
Taylor's frozen hypothesis, the integral length scale isz 0.4 m, well
below the flow depth (upper bound of the length scale), and is
Fig. 8. Mean and maximum normalized force and power densities with respect to horizontal
colors). Force and power density values were normalized with their respective 1 s values (fo
mean and a median value of 2.15 and 2.07 days, respectively. (For interpretation of the ref
article.)
equivalent to approximately 8% of the turbine rotor diameter. In
other words, the transition from large scale eddies to isotropic
eddies takes place at scales significantly less than the rotor
diameter.

It can be shown that the mean and maximum FD and PD values
are under-predicted when using the mean current speed (uc) in
place of the instantaneous current speed uc [2]. This under-
prediction is illustrated in Fig. 8aed. Using the instantaneous cur-
rent speed (uc), the mean FD is 3% greater than the reference mean
FD and the mean PD is 7% greater than the reference mean PD
(Fig. 8aeb). The maximum FD andmaximum PD values are 35% and
57% higher than their reference values when calculated using the
instantaneous horizontal current speed (Fig. 8c and d). In general,
Fig. 8aed shows an inverse correlation between the WAT and all of
these variables: the mean FD, the mean PD, the maximum FD and
the maximum PD. These observation show that the choice of the
averaging window (or temporal resolution) of the current speed
can significantly affect the mean and maximum values of force and
power density and, therefore, should be carefully chosen when
designing TECs.

4.6. Force and power densities at the study site

The frequency distribution of the instantaneous horizontal
current was examined by constructing the frequency and cumula-
tive frequency histograms shown in Fig. 9. The cumulative fre-
quency histogram shows that the instantaneous horizontal current
was greater than the turbine cut-in speed for 75% of the time,
indicating the turbine would be operational most of the time. This
histogram also shows that the turbine design (rated) speed,
2.1 m s�1, lies in the 16% exceedance level (i.e. only 16% of current
speeds are equal to or greater than the rated speed). The mean
current averaging windows calculated from 15 different time series (shown in different
r each time series). The lengths of the time series range from 0.68 to 3.37 days, with a
erences to color in this figure legend, the reader is referred to the web version of this



Fig. 10. Frequency histogram (bar) and cumulative frequency histogram (line) of
electrical power for a single Verdant Gen5 turbine.

Fig. 9. Frequency histogram (bar) and cumulative frequency histogram (line) of hor-
izontal current at the RITE site.
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theoretical PD values over the one month period (when the ADV
sampling rate was set to 20 Hz) were calculated from the instan-
taneous and one second-averaged horizontal current speeds. The
results do not differ significantly: 2.31 kW m�2 for the 1/20 s WAT
(instantaneous) and 2.26 kW m�2 for the one second WAT (aver-
aged). These values, however, are an order of magnitude higher
than the mean PD values reported in the national tidal energy
resource assessment map [3,5], which range between 0.1 and
0.4 kW m�2. This large discrepancy is due to the coarse spatial and
temporal resolution of the model used to estimate the tidal energy
resource assessment, which causes low pass filtering, which in
turn, reduces power density estimates.

A turbine can only extract a portion of the theoretical power of
the tidal current resource available due to technical limitations,
which include turbine efficiency, drivetrain efficiency, generator
efficiency, power conditioning efficiency [41], cut-in speed and cut-
out speed. For a single turbine, the power density needs to be
multiplied by the EEP of the turbine. The rated power for the Gen5
turbine is 35 kW, but the turbine was designed to generate elec-
tricity up to 74 kW. The calculated mean electrical power of a single
Verdant Gen5 turbine at the study site, with a rotor radius of 2.5 m,
is 16.3 kW. This was calculated after assuming a water to wire ef-
ficiency of 0.38, a cut in power of 3.8 kW and a cut-off power of
74 kW (Fig. 10).

5. Conclusions

The present study contributes to a growing catalog of tidal en-
ergy site resource assessments by examining the temporal vari-
ability, frequency, direction and magnitude of the mean current,
turbulence, hydrodynamic force, and tidal power for an emerging
MHK industry. The temporal variations, mean current statistics,
turbulence and power density are examined in detail, and reveal
the regular semi-diurnal characteristics of mean horizontal current
speeds at the RITE site. The power production is skewed towards
the flood tide, due to the consistently higher flood current speed,
relative to that of the ebb current.

It has been shown that the values of theoretical force and power
densities are significantly influenced by the WAT selected for
calculating the input mean current. Using a shorter WAT will
generally increase the force and power densities. For estimating the
mean theoretical force and power densities from site measure-
ments, the WAT should ideally be equivalent to the smallest tur-
bulence time scale that contributes to the fluctuation of the turbine
power generation time series. The relevant turbulence time scales
for describing unsteady loads may be smaller and therefore, may
require a shorter WAT. Furthermore, since the maximum force is
generally found when the shortest WAT is used, it may be prudent
to calculate the maximum load for device design using the
instantaneous (ADV) current measurements until the range of
turbulence scales that affect power generation and loading is better
understood.

Comparisons between ADV measurements at the RITE site and
the national tidal resource assessment show a significant under-
estimation of theoretical power density by the latter, due to the
coarse spatial and temporal resolution of the model used to esti-
mate the tidal energy resource assessment. We therefore recom-
mend that, while national (large-scale) resource assessments are
useful, measurements at the device scale are needed to accurately
estimate the hydrodynamic loads and power density at proposed
tidal energy sites.

The regularity and predictability of the tidal current is a desir-
able feature at hydrokinetic energy sites that allows accurate
forecasting of the electricity supply. A summary statistic that
quantifies the degree of regularity for tidal energy site classifica-
tion, such as the root-mean-square difference between the tidal
velocity time series and a sinusoidal function, is therefore
recommended.

As with the wind industry, which has an International Electro-
technical Commission (IEC) wind class standard to aid in the se-
lection of wind turbines for a particular site, it is recommended that
the tidal energy industry move forward to develop an appropriate
standard for tidal current classes. Such a standard would quantify
key site parameters, as demonstrated here, to enable a direct
comparison between potential project locations, ultimately
improving device performance and survivability in a variety of
operating conditions. Development of this standard requires se-
lection of a list of tidal energy sites that exhibit the range of hy-
drodynamic conditions that will be encountered, a comprehensive
field campaign at multiple tidal energy sites that can identify the
key hydrodynamic parameters for tidal current site classification
and adoption of consistent measurement practices.
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Notation

A energy extraction plane, m2

Ac channel cross section area, m2

dT turbine rotor diameter, m
f frequency of the spectral energy density, Hz
fc turbine critical frequency, Hz
FD hydrodynamic force density, N m�2

fT turbine rotational frequency, Hz
h mean water level above sea level, m
Iuc

turbulence intensity of the horizontal current speed,
(dimensionless)

Pc channel wetted perimeter, m
PD power density, W m�2

r fluid density, kg m�3

r rotor radius, m
R Ac=Pc, hydraulic radius, m
Re 4 uc R=y, Reynolds number, (dimensionless)
Sucuc , Sww velocity spectral energy densities of horizontal and

vertical current speeds, m2 s�2 Hz�1

T wave period of one sinusoidal cycle, second or hour
q, q instantaneous and time-averaged horizontal current

direction, degrees
u, v, w instantaneous longitudinal, lateral, and vertical velocities,

m s�1

uc, uc instantaneous and time-averaged horizontal current
speed, m s�1

ucmax time-averaged maximum horizontal current speed, m s�1

suc time-averaged root-mean-square (RMS) of horizontal
current speeds, m s�1

sq root-mean-square (RMS) of the current directions,
degrees

y kinematic viscosity, m2 s�1 (1.05 � 10�6 m2 s�1 for sea
water at 20C)

x, y, z longitudinal, lateral, and vertical coordinate distance, m
zhub distance from the turbine hub height to channel bed, m
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