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Summary

Marine and Hydro Kinetic devices (MHK) provide a way to harness energy from tides in costal
regions. The Marrowstone Island site in Washington State is a potential location for installing
MHK devices, since it experiences strong tides and associated currents. In order to quantify
the effects of tidal currents on MHK devices, as well as the impact of MHK devices on the envi-
ronment, a comprehensive study of tidal currents and flow is required. For this purpose, field
studies were conducted at the Marrowstone Island site by the Pacific Northwest National Lab
(PNNL) in collaboration with the Applied Physics Lab at the University of Washington (APL-
UW). These field studies entailed Acoustic Doppler Velocimetry (ADV), Acoustic Doppler
Current Profiler (ADCP) and Conductivity, Temperature and Depth (CTD) measurements. The
instruments used for this study were mounted on a tripod which was deployed at the site from
the R/V Jack Robertson provided by the APL-UW. The ADV acquired single point temporally
resolved velocity data from 17-21 Feb 2011, at a height of 4.6 m above the seabed. In con-
trast, the ADCP acquired the velocity profile of the entire water column from a height of 2.6
m above the seabed up to the sea-surface in 36 bins, with each bin of 0.5 m size. The ADCP
acquired data from 11-27 Feb 2011 at a sampling frequency of 2 Hz. CTD measurement data
were acquired every 30 seconds at 1.85 m and 2.55 m above the seabed. Results from the ADV
measurements showed that the flow is fully turbulent, with -5/3 slope in the inertial sub-range of
the spectra. The ensemble average velocity profile obtained from ADCP measurements shows
an agreement to both the log and power laws.
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1.0 Introduction

Marine and Hydro-Kinetic (MHK) devices are being developed and studied as a renewable
source of energy. MHK devices extract energy from tidal currents using underwater turbines;
their working principle is very similar to that of wind turbines. Although this technology is still
in the nascent stages of development, in the past few years, MHK devices of various designs have
been installed at different locations throughout the world. For optimal power generation from
tidal currents using MHK devices, a detailed understanding of the fluid flow field surrounding
these devices is essential, as turbulent fluctuations are known to negatively impact turbine per-
formance and cause material fatigue and machine failure. This in turn decreases the lifespan of
the MHK devices. Similar effects of turbulent fluctuations have been observed in wind turbines
as well. Moreover, the quantification of fluid flow around MHK devices is also essential for
assessing environmental effects of turbulent mixing on water quality and sediment transport at a
given site.
The Marrowstone Island site in Washington State is a potential location for installing MHK
devices as it experiences high tidal currents that are essential for energy production. Before
installing MHK devices at this site, a detailed fluid flow field understanding was required in
order to quantify the turbulence at the site, and its effects on MHK devices. For this purpose,
the Pacific Northwest National Laboratory (PNNL), in collaboration with the Applied Physics
Laboratory at the University of Washington (APL-UW), has carried out a detailed preliminary
fluid flow field study using Acoustic Doppler Velocimetry (ADV) measurements, Acoustic
Doppler Current Profiler (ADCP) measurements, and Conductivity, Temperature and Depth
(CTD) measurements. For FY-2011, these measurements were performed continuously for two
weeks, in order to collect data during both neap and spring tides, as well as during diurnal tidal
variations. The FY-2011 measurements were a follow-on to data collected at the same site in
FY-2010 (Richmond et al. (2011), Thomson et al. (2010)).
The ADV provided single point velocity measurements close to the lower extent of the rotor
sweep of the MHK devices while the ADCP provided the velocity profile from the seabed up
to the water surface. The CTD provided salinity, depth and temperature information at two
different heights above the seabed for the site. These measurements collectively provided an
insight into the site-specific tidal variations in the flow field as well as the conditions existing
during different tidal cycles. These data can also be used to modify design tools developed for
wind turbines, such as TurbSim (Kelley and Jonkman (2009)), for use in MHK turbine design.
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2.0 Study area and deployment

For the FY-2011 study, Acoustic Doppler Velocimetry (ADV), Acoustic Doppler Current Pro-
filer (ADCP) and Conductivity,Temperature, and Depth (CTD) measurements were continuously
performed at Nodule Point on the Marrowstone Island site (48◦01′55.440′′ N, 122◦39′41.340′′
W) for about two weeks. This site was selected for the study as it is being considered for future
deployment of MHK devices. It was necessary to quantify the flow conditions at this site in
order to determine the effects of turbulence on the MHK devices and the surrounding environ-
ment. For this purpose, all the measurements were performed for two weeks to obtain com-
prehensive tidal flow data. The site location and bathymetry data are shown in Figures 2.1(a)
and (b). Figure 2.2 shows the instrumentation tripod, which was deployed at a depth of 22 m
at the Marrowstone Island site, using the R/V Jack Robertson provided by the University of
Washington, Applied Physics Lab. A 1500 lbs ballast was added to the tripod for stability, as
shown in the figure. The instrumentation tripod was designed and deployed in such a way that
the ADV would be located 4.6 m above the seabed while the ADCP would be able to collect
data from 2.1 m above the seabed up to the water surface. Details of all the measurement test
conditions and locations are provided in table 2.1.

Instrument Sampling Deployment Sampling Height above
frequency period scheme seabed

ADCP 2 Hz 11-27 Feb 2011 continuous 2.1 m to sea surface
ADV 32 Hz 17-21 Feb 2011 continuous 4.6 m

CTD -1 1/30 Hz 11-22 Feb 2011 continuous 1.85 m
CTD -2 1/30 Hz 11-18 Feb 2011 continuous 2.55 m

Table 2.1. List of all the measurements performed for FY-2011 study.

2.1 Acoustic Doppler Velocimetry (ADV)

ADV measurements have been extensively used to quantify turbulence and understand turbulent
flows in rivers, oceans and flumes [Voulgaris and Trowbridge (1997), Garcia et al. (2005), Lane
et al. (1998), Thomson et al. (2010), Richmond et al. (2011)]. For this study, a Nortek vector
(6-MHz) ADV was used to collect high temporal resolution data at a single point. A typical
schematic for the sampling volume of ADV measurements is shown in Figure 2.3. For this
study, the ADV sampling volume is less than 0.01 m3. The ADV was setup to acquire data at a
sampling frequency of 32 Hz and it acquired data for 4.5 days (i.e., from 17-21 Feb 2011). This
sampling scheme was used to capture high-frequency fluctuations in velocity.

2.2 Acoustic Doppler Current Profiler (ADCP)

A RDI Workhorse Sentinel (600 kHz) ADCP was used to collect low temporal resolution veloc-
ity profile data from the seabed up to the surface. A typical schematic of sampling volume for
ADCP measurement is shown in Figure 2.3. As seen in the figure, the ADCP sampling volume
is significantly larger than the ADV sampling volume. The ADCP collected data at a sam-
pling frequency of 2 Hz, and it acquired data for 2.5 weeks continuously (i.e., 11-27 Feb 2011).
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(a) Marrowstone and Admiralty sites

(b) Zoomed out view

Figure 2.1. Marrowstone Island site location for ADV, ADCP and CTD measurement for this
study.

The data were recorded in beam co-ordinates in order to avoid the assumption of homogeneity
required in the East-North-Up (ENU) coordinate system transformation. The ADCP recorded
data from 2.6 m above the seabed up to the surface at a bin resolution of 0.5 m, with a total of 36
bins.
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(a)

ADV Mount 

CTD-2 mount location 
(2.55 m above seabed) 

CTD-1 mount location 
(1.85 m above sea bed) 

ADCP Mount 

Ballast 

4.6 m 

(b)

Figure 2.2. (a) Tripod, instrument mounts, and ballast prior to deployment from the R/V
Jack Robertson (University of Washington Applied Physics Laboratory), and (b)
schematic of tripod with mounts and critical dimensions.

Figure 2.3. Schematic showing a typical measurement sampling volume and location for ADCP
and ADV.
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2.3 Conductivity, Temperature and Depth (CTD)

In order to understand the flow conditions, Conductivity, Temperature, and Depth (CTD) data
were collected using two Sea Bird Electronics SBE-37. The CTD instruments acquired data
every 30s for approximately 1.5 weeks (i.e., 11-22 Feb 2011), and were attached to the tripod at a
depth of 1.85 m and 2.55 m above the seabed. It should be noted that CTD at 2.55 m above the
seabed stopped collecting data after 18 Feb 2011.
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3.0 Initial Results

3.1 ADV

The ADV measurements performed at the Marrowstone Island site provided single point high
temporal resolution data. Before performing turbulence quantification from them, these ADV
data were subjected to quality control procedures in order to remove noise and spurious data
points. The quality control involved identifying the velocity data with low correlation and
spikes [see Goring and Nikora (2002), Elgar and Raubenheimer (2001), Elgar et al. (2005),
Thomson et al. (2010), Richmond et al. (2011) for detail] and then replacing these spurious
data points with the running average. Raw ADV velocity data (u, v and w ) and quality control
velocity results are shown in Figure 3.1. After quality control, auto-spectral density functions
are calculated from ADV data for slack and non-slack tidal conditions. The slack and non-slack
tidal conditions are the periods when the horizontal velocity magnitude is less than 0.8 m/s and
greater than 0.8 m/s respectively. For calculating horizontal velocity and auto-spectral density
functions, the ADV data are divided into records of 2048 data points (i.e., data records with 64
seconds of data). This is done to ensure that data are quasi-stationary (i.e., statistical quantities
not varying with time), which is essential for calculating auto-spectral density functions. Auto-
spectral density functions for non-slack (i.e., horizontal velocity greater than 0.8 m/s) and slack
(i.e., horizontal velocity less than 0.8 m/s) tidal conditions are shown in figures 3.2(a) and (b)
respectively. As observed from these figures, the spectra show a -5/3 slope in the inertial range,
which is as expected for turbulent flows. The observed flattening of spectra at higher frequencies
is due to the intrinsic noise present in the ADV. However, for the vertical velocity component,
flattening of spectrum is not as prominent as the horizontal velocity components. This may due
to biased distribution of noise levels between horizontal and vertical components which is a result
of the coordinate transformation process used in ADV. Furthermore, the spectra have significant
lower values for the non-slack condition as compared to slack condition, which is as expected for
such flows.

3.2 ADCP

ADCP measurements were performed at the Marrowstone Island site for approximately 2.5
weeks. The ADCP acquired velocity profile data from a depth of 2.6 m above the seabed up
to the surface, with a resolution of 0.5 m, at a sampling frequency of 2 Hz. These data were
also quality controlled before further analysis. The quality control involved removing bins with
low acoustic correlation, bins at or above the surface, and anomalous spikes. The bins close to
air-water interface were removed because of the contamination of velocity data due to acoustic
reflection from the water surface. After quality control of ADCP data, beam velocity data (from
11-23 Feb 2011)were plotted, as shown in Figure 3.3. The horizontal velocity magnitude (from
11-23 Feb 2011) is shown in Figure 3.4.

The horizontal velocity directions (for ADCP from 24-27 Feb 2011) at three different heights
were extracted: (1) 4.6 m (i.e., at base of MHK devices), (2) 10.0 m (i.e., at hub of MHK
devices), and (3) 15.0 m (i.e., at top of MHK devices). These velocity direction histograms
are shown in figure 3.5. As observed from figure 3.5, there is a slight asymmetry in the flow
direction as height from the seabed increases, which may be due to a bathymetric feature of the
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Figure 3.1. ADV data: a) raw velocity data, and b) quality controlled velocity data. Colors
indicate components of velocity (u and v are the horizontal velocity components
and w is vertical velocity component).
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Figure 3.2. Average auto-spectral density function from ADV data: a) non-slack tides, and
b) slack tides. Colors indicate components of velocity (u and v are the horizontal
velocity components and w is vertical velocity component).
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Marrowstone Island site.

The horizontal velocity magnitude close to hub height of MHK devices was calculated and is
shown in figure 3.6(a). The green shaded regions in the figure represent the horizontal velocity
during the non-slack tidal condition (i.e., horizontal velocity greater than 0.8 m/s). Ensemble
averaged velocity profiles for non-slack and slack tidal conditions were calculated, and are shown
in figures 3.6(b) and (d) respectively. Figures 3.6(c) and (e) show the direction histograms of
horizontal velocity for non-slack and slack tidal conditions respectively. As observed in these
figures, the horizontal velocity has a dominant flow direction for the non-slack tidal condition,
which is not observed for the slack tidal condition. It should be noted that a similar behavior is
also observed for the ADCP data obtained from 24-27 Feb 2011 (not shown here).

Ensemble average of the horizontal velocity for the non-slack tidal condition is shown in figure
3.7. The ensemble averaged velocity data is curve fitted with the power and log laws (Peterson
and Hennessey 1978, Stull 1993, Gooch et al. 2009, Kelley and Jonkman 2009), as shown in the
figure. The power law is given as

v(z) = vhub
( z
zhub

)α
, (3.1)

where vhub is the reference velocity (i.e., horizontal velocity at the hub of MHK devices), z is the
height above the seabed, zhub is the height of the hub from the seabed and α is the exponent for
the power law. For a detailed description of power law, see article by Peterson and Hennessey
(1978), Gooch et al. (2009), Kelley and Jonkman (2009). For the power law fit, horizontal
velocity at ∼ 10 m above the seabed (i.e., zhub) is used as the reference velocity (i.e., vhub). The
exponent for power law is estimated using a non-linear regression fit routine in Matlab, and
the estimated exponent from the non-linear fit is ∼ 1/5.4. The log law (Stull 1993, Kelley and
Jonkman 2009) is given as

v(z) =
v!
0.4

ln
( z
z◦

)

, (3.2)

where v! is the flow friction or shear velocity and z◦ is the surface roughness length. To fit the
ensemble mean horizontal velocity data from the non-slack tidal condition, a nonlinear least-
square regression fitting scheme was used and the estimated values obtained for v!, and z◦ are
0.088 m/s, and 0.043 m respectively. It is observed from the figure that ensemble average hori-
zontal velocity profile is in better agreement with the log law as compared to the power law.

3.3 CTD

The data from CTD at 1.85 m above the seabed are shown in Figure 3.8. The temperature plot
shows a decreasing trend in temperature while the salinity shows an increasing trend. The depth
measurements shown in this figure also show a tidal variation. A similar trend was observed for
the CTDs mounted at 2.25 m above the seabed.
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Figure 3.3. Velocities along the beam after quality control for ADCP measurements performed
at Marrowstone Island site during Feb 2011.
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Figure 3.4. Magnitude of horizontal velocities along with flow directions for ADCP measure-
ments performed at Marrowstone Island site.
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Figure 3.5. Histogram of the horizontal velocity direction at different heights from ADCP
measurements: (a) 5 m from seabed, (b) 10 m from seabed, and (c) 15 m from
seabed.
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Figure 3.6. ADCP measurements from 24-27 Feb 2011: (a) showing the horizontal velocity
close to hub of a proposed MHK device where green shaded area represents hor-
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4.0 Data organization

A list of all the measurements performed during FY-2011 at the Marrowstone Island site, along
with deployment period, sampling scheme and data format is given in Table 4.1.

Table 4.1. Sampling design for all measurements performed for this study (FY-2011).

Instrument Sampling Deployment Sampling Data Comments
frequency period scheme format

ADCP 2 Hz 11-27 Feb 2011 continuous Binary Used two memory cards
ADV 32 Hz 17-21 Feb 2011 continuous Binary Low battery after 21 Feb

CTD -1 1/30 Hz 11-22 Feb 2011 continuous ASCII
CTD -2 1/30 Hz 11-18 Feb 2011 continuous ASCII Stopped working on 18 Feb

Data post-processing steps for ADCP measurements:

1. Convert binary data to ASCII format using in-house developed Matlab script.

2. Perform quality control on the ASCII data.

3. Convert the beam coordinate velocity data to ENU coordinate velocity data.

Data post-processing steps for ADV measurements:

1. Convert binary data to ASCII format using Nortek Vector software.

2. Perform quality control on the ASCII data.

3. Convert the instrument coordinate velocity data to ENU coordinate velocity data using
information from sensors data file.

Post-processing steps were not required for the CTD data.
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4.1 Data folder structure

4.1.1 ADCP

For the ADCP measurements, the data were stored in two separate memory cards. The first
memory card stored ADCP data from 11-23 Feb 2011 and the second memory card stored data
from 24-27 Feb 2011. The data stored on the first and second memory cards are referred to as
Set-1 and Set-2 respectively. The ADCP data acquired during FY-2011 were assembled and
sorted in to folders as described below:

ADCP —!

|———– DataQC
|———– DataRaw !

|— From Instrument
|— From WinADCP
|— AlongTheBeam

DataQC: Contains a Matlab binary format data file which has Quality Controlled (QC) time,
depth, horizontal velocity data. These QC data are obtained from beam coordinate data, that are
stored in folder DataBeamSystem.

DataRaw: Contains three folders From Instrument, From WinADCP, and AlongTheBeam, each
containing ADCP data.

From Instrument: Contains raw data from the ADCP instrument in binary format.

From WinADCP: Contains a binary Matlab file format. This binary Matlab file is created from
data stored in folder From Instrument by using WinADCP export function. The binary Matlab
file in this folder contains velocity data in East North Up (ENU) coordinate system.

AlongTheBeam: Contains a binary Matlab file. This binary Matlab file has velocities data in
beam coordinate system which is obtained from data stored in the folder From Instrument. The
file was created using in-house Matlab script (other Matlab scripts available online can also be
used for this purpose).
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4.1.2 ADV

The ADV data acquired during FY-2011 were assembled and sorted in folders as described
below:

ADV — !

|———– DataQC
|———– DataRaw !

|— From Instrument
|— ASCII Data
|— Burst Files

DataQC: Contains data in binary Matlab file format. The data stored in the folder ASCIIFormat
are quality controlled and stored here in binary Matlab file format.

DataRaw: Contains three folders From Instrument, ASCII Data, and Burst Files, each contain-
ing ADV data.

From Instrument: Contains raw data from the ADV instrument in binary file format.

ASCII Data: The raw data stored in the folder From Instrument are converted to ASCII format
using Nortek Vector software, and stored here.

Burst Files: Contains the velocity data in ASCII format for individual bursts and these burst
files are obtained from the data stored in the folder From Instrument using Nortek software.
Here, it should be noted that for this deployment, ADV was set up to acquire data continuously.
However, after four days of continuous data acquisition, the ADV battery was running low. So,
after the fourth day, the ADV started acquiring data intermittently (i.e., acquiring data in bursts
at irregular intervals). The first burst file has ADV data for first four days and the remaining
burst files have velocity data at irregular intervals (see the ASCII files in this folder for further
clarification).

4.2 CTD

The data acquired from CTD measurements during FY-2011 at Marrowstone Island site were
stored in the folder CTD. Since data were in ASCII format, no further processing was necessary.
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5.0 Future work

For FY-2012, studies similar to those carried out in FY-2011 are planned to be conducted at the
Admiralty site (location shown in figure 2.1). As opposed to the tripod setup used in FY-2011
studies, a mooring setup will be used be in FY-2012 studies, a preliminary schematic is shown
in figure 5.1. The mooring schematic shown in the figure is still in the planning phase and final
design and setup will be ready before the FY-2012 deployment. Moreover, the new designed
mooring setup will have the ability to position the ADVs and CTDs at different heights above
the seabed, which will allow for simultaneous acquisition of velocity and CTD data at several
locations. Like the tripod setup, the mooring setup will also have the ADCP close to the seabed,
which will enable the ADCP to obtain the complete velocity profile of the water column above it.
A tentative experimental schedule/plan for FY-2012 is given in Table 5.1.

Table 5.1. Data collection expected to be performed for FY-2012.

Measurement Instrument Sample Sampling Mounting
duration (*) frequency position

Current profile ADCP 3-4 weeks 2 Hz Bottom
Current point ADV 3-6 days 32 Hz Hub height or multi point

Temperature profile CTD 3-6 days 1 Hz Multi-point through water column
Salinity profile CTD 3-6 days 1 Hz Multi-point through water column

(*) Sampling duration can vary depending on the project requirement, the available budget and
instrument type.
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Figure 5.1. Preliminary schematic of planned mooring setup for FY-2012. Courtesy Northwest
National Marine Renewable Energy Center at the University of Washington.
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