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AbstractA combination of advanced ocean current profiling
measurements and high resolution 3D numerical modelwas
used to assess site potential for underwater turbes in tidal
channels of the inland waters off the coast of Biigh Columbia,
Canada. The measurements involved the use of ADCPRahsects
through potential sites. Due to the very strong tlal currents of
up to 10 knots or more, special procedures are redped to
generate accurate and reliable maps of the very sing ocean
currents. The three-dimensional, coastal circulatin model
COCIRM was used to map these detailed flows underiffierent
scenarios and assess the potential at various sities operation
of underwater turbines after validated using availdle water
elevation and ocean current data.

I. INTRODUCTION

Electricity generation using underwater turbinesareas
of strong tidal currents can provide a very depéteand

level differences exist between two sides of the déth the
maximum heads up to 1.5 m during spring tides a8dn®
during neap tides. The difference in water levatseither
side of the dam has the potential for significaenawable
energy through installation of underwater turbinés

generating electrical power. Numerical modelingidations
of the currents and water levels were conductediyding the
present conditions for model calibration and vesfion,

possible future conditions in which the dam is ctetgly

removed and the Pass is restored to its originafigaration,

and possible future conditions in which the danpastially

removed to allow the passage of water through aemnwvater
turbine. The detailed results of these simulatiamsreported
in this paper.

Il. METHODOLOGY

predictable source of clean and renewable eneftgn with 5 Apcp Profiling

minimal and/or mitigatible impact on the

natural

environment. This paper describes a technique auin®i aAs) has been doing ADCP Transects to measure strong
advanced ocean current profiling measurements agd h . rents in tidal passages since 1994. Initially R®I

resolution 3-D numerical models to assess potesities and
address key issues for this emerging energy sotitis.tool
is capable of providing such important informati@s
quantifying the total generation potential, inpat detailed
engineering design of the underwater turbine systtma
effects of the turbine system on ambient flow pate and
potential environmental impact that may arise.

BBADCP (Fig. 1) was used, then moving on to thetnex
generation WH series. We bolted the ADCP to tlie sif

the vessel (remember to re-seal the holes below the
waterline), taking special care to minimize turlmge around

the head by adding an aluminum shroud or fairind by
setting the head of the ADCP fairly deep to mininihe
amount of bubbles around the transducers. Wetstilll to

The suite of ocean current measurements and mgdelifise 5 fairing if we expect currents greater th&ndis or so.

are presented using the results from recent studiethe

passages of the inland waters off the coast ofisBrit oyer the years, a 2-pole bracket that fits mostllemboats

Columbia, Canada, including Race Rocks, GillardsBgs,

has been used for mounting the ADCP instrument. ldfge

Discovery Passage and Canoe Pass. The measuremggtSecls a custom pole mount is generally required.

involved the use of ADCP transects through potésiizs.
Due to the very strong tidal currents of up to Tibtk or
more, special procedures are required to geneterate
and reliable maps of the very strong ocean currekitsites
in the Discovery Passage area off the east coasamdouver
Island, numerical modeling studies of ocean cusreamd
water levels were carried out using the three-dsiteral
coastal circulation model COCIRM to assess the mii@teat
various sites for operation of underwater turbittegenerate
electrical power. One particular site, Canoe P#ssated
between Quadra Island and Maud Island in Discowrass,
British Columbia, features an artificial dam or saway
which blocks the passage of water from Seymour dvesr
immediately east of the Pass. As a result, sigmifiovater

Aluminum boats are preferred so that the ADCP camps
reliable but an external gyro or fluxgate compaas loe used
for steel vessels if necessary. The older BBADGHE h
better compass than the newer WH series of ADCBgane
excellent results.

Transect lines are set up ahead and we use Fugawif on-
board navigation. We generally use a Garmin GP& wi
WAAS and combination sounder. The RDI software can
bring in both the GPS positions as well as the deudepths.



Fig. 1. RDI BBADCP boat-mounted for current tragtsen high flows.

Transects are planned so that the area of intea@stbe
covered in an hour or less. If taking much londkee, tides
change enough that the data are no longer synojBicat
speed and bin size are optimized for the flow reginThe
rule of thumb is that the boat velocity should eateed the
water velocity. In strong tidal channels with tidarbine
potential, we can normally run the boat at sevéwabts,
allowing us to cover larger areas within the haunitl

Since the ADCP bottom-track (BT) error accumulatesr

long transect distances, the ADCP velocity vectmesplotted
on a map using the lat/long from the GPS. We usdéidy

programs to plot the current velocity vectors oaescanned
in bathymetric chart or even a Google Earth imdgw ichart
is available.

B. Numerical modeling

The three-dimensional, coastal
model COCIRM was adapted in these studies. The KDICI
model represents a computational fluid dynamicsegugh to
the study of river, estuarine and coastal circatatiegimes.
The model explicitly simulates such natural forasgressure
heads, buoyancy or density differences due to isaland
temperature, river inflow, meteorological forciramd bottom
and shoreline drags [1, 2, 3]. The model applies ftily
three-dimensional basic equations of motion andensative
mass transport combined with a second order tunbele
closure model [4] for vertical diffusivity and Sn@insky’s
formula [5] for horizontal diffusivity, then solvefr time-
dependent, three-dimensional velocitiesy,(v), salinity (),
temperature T), turbulence kinetic energyk)( and mixing

length (), horizontal and vertical diffusivitiesK,,, K, ), and

water surface elevatiorz); The horizontal grid element sizes
are typically in the range of 5 — 100 m. The watelumn
may be resolved using either sigma or z grid, \sitthexible
distribution of typically 10 — 20 layers.

To validate it as a reliable tool for the objeesvin these
studies, the model at first goes through appropriat
calibration and verification processes using awddlavater
elevation and ocean current data. After validathd, model
was then implemented to simulate water levels acehqo
currents for different scenarios. The detailed rhdidevs at
various vertical levels were mapped and used tesassite
potential of installing and operating underwatéaticurrent
turbines, and potential environmental impact thaymrise.

The model was initially tested and operated inbcation
runs. Various physical parameters, mainly bottonagdr
coefficient and horizontal and vertical eddy diffity
coefficients, were repetitively adjusted to achiemgtimal
agreement with the observations. The vertical diffity for
the model, as derived from the second order turlmgle
closure model [4], was found to be robust. Mosbreéf were
involved in testing and adjusting of the bottomgdemd the
horizontal diffusivity.

Once reasonable agreement is attained for thbratiin
cases; the model was next operated in validations using
the previously optimized physical parameters anchpared
with different observation data sets. The agreerbetteen
the model outputs and the observations is useddesa the
capabilities of the model. If the comparisons db meet the
model requirements, or indicate that significantttar
improvements are needed, the calibration procesaasbe
repeated to improve the model performance.

[ll. APPLICATIONS
A. ADCP Surveys

Currents of up to 8 knots were measured off Mideibént in
Discovery Passage. The predicted maximum in Seymou
Narrows to the north was just over 15 knots. Rewdlows
occurred along the southwest shore (Fig. 2). Tineng
lateral shear shows the importance of mapping et t
currents before deciding where to put a tidal tuebi The
data were also used for verification of the nunadrimodel

for this area (below).

circulation numérica



Fig. 2 Depth-averaged currents off Middle PoimtDiscovery Passage
during a spring flood tide.

B. Modeling Flows in Discovery Passage

The model domain includes the portion of Discovery

Passage extending from Oyster Bay in the southrawB
Bay in the north, with an area of about 30 km byk&¥. The
whole model domain is resolved by a horizontal gricsize
50 m by 50 m, and 13 vertical z-coordinate layeith Wigher
resolution near the surface (Fig. 3) in order tprapriately
resolve salinity and temperature induced
stratification.

The model involves two open boundaries, respegtitred
cross-section between Oyster Bay and Cape Mudgbeo
south and at Brown Bay to the north (Fig, 3). Therdary
conditions at these two locations were specified tioal
elevations and inflow salinity and temperature. Tl
elevations at these two open boundaries were defieen 69
tidal height constituents using Foreman’s tidal digton
program (Dr. M. Foreman, Institute of Ocean Scisn&ept.
of Fisheries and Oceans, Sidney, B.C., Canada, pamsm.).
The 69 tidal constituents at the northern open daunwere
derived from a full year tidal elevation data inoBmn Bay.
The 69 tidal constituents at the southern open daynwere

In this study, the 3D numerical model COCIRM WaSsytrapolated from Nymphe Cove and Campbell Rivérens

applied to simulate the flows in the southern Diszy
Passage (Fig. 3). The objective of this study igrtovide
some preliminary 3D numerical modeling simulatiaighe
ocean currents, which can be used to investigatdehsible
sites for installing and operating underwater tidarrent
turbines [6].

Fig. 3. Map showing study area and data sites.

1 — 2 year tidal elevation data were used in ttial @nalysis.
The tidal elevations are assumed to be approxisnataform
over the cross-sections of both open boundarieSAGIRM,
geostrophically balanced elevations due to Corifilige at
each open boundary are calculated and superimmrsédal
components at every time step.

The inflow salinity and temperature at the southepen

boundary were specified by the monthly salinity and

temperature profile data at this boundary [7]. TihBow
salinity and temperature at the northern open bayndere
extrapolated from the data at the southern opemdsmy in
terms of the salinity and temperature horizontadggnts
derived from the CTD-bottle profile data inside &usery
Passage (Fig. 3).

At Campbell River, the freshwater discharges wevery
in the model, which were retrieved from daily diaaies in
Canadian Hydrological
assigned a zero salinity (i.e. freshwater) and iseal
temperature for each model case.

Fig. 4. Calibration model results of DP11 curreats10 m depth and
Campbell River water levels, with comparisons ®tilal prediction results.

density

Data Base. The discharge was



potential future conditions related to the instidia of an
underwater turbine.

For this study, the model was operated over an afea
about 8 km by 8 km in total size using a 50 m byrb0
horizontal grid resolution. For an area of 2 km ®ykm
centred on Canoe Pass, a higher resolution nestédvgs
incorporated into the model, with a horizontal gside of 10
m (Fig. 8). Both 50 m and 10 m model grids useed@ally-
spaced vertical sigma-layers, and were coupleditatfaces
and solved together every time step with a singteleting
procedure using the two-way, dynamic nested grigs® in
COCIRM [2].‘
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Fig. 6. Model peak flood flows (left panel) and pe&dbb flows (right panel) i _ UTM Easting (m) )
at 17.5 m below chart datum during a spring tide. Fig. 7. Map showing study area and data sites.

The 3-D model was calibrated and validated by caiepa
of model output to the tidal analysis results frexisting data
sets as shown in Fig. 4 and Fig. 5. Good agreemveast
achieved between model- and data-based currents.

The results of the 3-D current model for peak fl@odl ebb
tidal flow conditions at 17.5 m depth are shownFig. 6.

Tidal current results of this type provide the bafir site
selection of optimal turbine locations, in combioat with

considerations of ship traffic routes and site #ec
environmental considerations.

C. Modeling Flows in Canoe Pass
The simulations of ocean currents and water leusisg
the 3D numerical model COCIRM were carried out for
Canoe Pass between Quadra Island and Maude Isfand i
Discovery Pass, British Columbia, Canada (Fig. Ganoe
Pass has a dam, or barrier, across it which blpeksage of
water from Seymour Narrows immediately east of Rass.
The dam has been in place since the 1940's. Theericah Fig. 8. Th_e numerical modelgrid developed for th'udy, with‘50 m and 10
model studies are part of a site investigation $eeas the m linear dimensions for coarse and nested griéperively.
potential for operation of underwater turbines tengrate
electrical power, including past and present camai, and



The model involved two open boundaries, respegtiirel
the Duncan Bay in the south and in the Brown Bayhi&
north (Fig. 7). The boundary conditions at these lwcations
were specified by tidal elevations, which were cated
using 9 major tidal constituents:; (P, Ki, N, My, S5, Ko,

My, MS, which were derived by Canadian Hydrographi

Service from the field data of 29 days durationDiancan

Bay and of 367 days in Brown Bay. Again, the tidal

elevations are assumed to be approximately uniforer the

cross-sections of both open boundaries, and gedstaly

balanced elevations due to Coriolis force at eageno
boundary are calculated and superimposed on
components at every time step.

Fig. 9. Model results of water head across the Bachcurrents at Seymour
Narrow, with comparisons to observations.

Fig. 10. Peak flood (upper) and ebb (lower) in GaRass with the Dam
removed.
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Fig. 11. Map showing the 10 m by 3 m opening fobite.

tidal

Fig. 12. Model peak ebb flows in Canoe Pass withabine and with the
Dam fully removed (upper), and with a turbine ancbaening of 10 m by 3
m (lower) for near-bottom currents during large &b conditions.

The model was calibrated by comparisons to watesl le
observations as given in Fig. 9 with good agreerheirtg
achieved. Further model validations were obtaimed
comparing model output with direct current meter
measurements made in the Seymour Narrows area using
historical oceanographic data sets.

The model was then run to simulate the tidal cusrémat
would result from removal of the dam blocking CaRass
and essentially reverting to the conditions befoeedam was
installed in the 1930’s and earlier. Very stroiigl currents
would occur through the narrow Pass (Fig. 10).

Finally tidal currents were simulated if only a $hpertion
of the Canoe Pass Dam was removed (Fig. 11) amdané
was operated in this opening. The model resutticate that
the tidal currents in Canoe Pass (Fig. 12) arddidnio weak
to moderate flows at near-bottom levels, and otierwery
similar to existing conditions.



IV. CONCLUSION AND DISCUSSION

The combination of advanced ocean current profiling2]
measurements and high resolution 3D numerical nsdule
been used, over the past several years, to assegotential
for underwater turbines in tidal channels of thiard waters
off the coast of British Columbia, Canada. An ep&mof
the methodology for advanced ADCP measurementivéng
for recent work carried out in the Middle Bay porti of
Discovery Passage area off the east coast of Vaecou
Island, British Columbia, Canada.

[3]

The ASL-COCIRM numerical model used in this studyai
full three dimensional circulation model, based tre
Reynolds-averaged Navier-Stokes fluid dynamics topnis,
with finite difference volume elements. The modeks a
rectilinear grid in the horizontal and, in the veat, either
sigma or z coordinate grid with a flexible distrilmm of
typically greater than 10 layers. Two modeling &usdthat
were recently carried out in the Discovery Passagea
provide examples of the capabilities of very higlsalution
circulation models for assessing site potentiakiftal current
generation for both free standing bottom turbinkBd(le
Bay) and for a turbine mounted with a dam in a weayrow
tidal passage (Canoe Pass). The numerical modeldder
very high resolution of the three dimensional tidatrents at
50 m horizontal grid size over model domains ofsterf
kilometers in size. Much high horizontal resolutiaf 10 m,
is achieved within a nested grid area around piatetotrbine
sites.

[4]

[5]

[6]

[7]

[8]

The field measurement and numerical modeling céifiabi
described in this paper provide tidal current depaient
companies with essential information to find théimpl sites
for their turbine units, to simulate the operatadfrthe turbine
and its effects on the local oceanographic condftiand also
to provide a quantitative basis for addressing remvhental
approval issues.
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