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ABSTRACT

A new concept of hydrokinetic turbine using oscillating hy-
drofoils to extract energy from water currents (tidal or gravita-
tional) is presented, tested and analyzed in the present investiga-
tion. Due to its rectangular extraction plane, this technology is
particularly well suited for river beds and shallow waters near
the coasts. The present turbine is a 2 kW prototype, composed
of two rectangular oscillating hydrofoils of aspect ratio 7 in a
tandem spatial configuration. The pitching motion of each hy-
drofoil is coupled to their cyclic heaving motion through four-
link mechanisms which effectively yield a one-degree-of-freedom
system driving a speed-controlled electric generator. The tur-
bine has been mounted on a custom-made pontoon boat and
dragged on a lake at different velocities. Instantaneous extracted
power has been measured and cycle-averaged for several wa-
ter flow velocities and hydrofoil oscillation frequencies. Results
are demonstrated to be self-consistent and validate our exten-
sive 2D flow simulation database. The present data show opti-
mal performances of the oscillating hydrofoils concept at a re-
duced frequency of about 0.12, at which condition the measured
power extraction efficiency reaches 40% once the overall losses
in the mechanical system are taken into account. Further mea-
surements of power extraction with a single oscillating hydrofoil
have also been performed by taking out the downstream hydro-
foil of the tandem pair. Those measurements favorably compare,
quantitatively, with available 3D CFD predictions. The 40% hy-
drodynamic efficiency of this first prototype exceeds expectation
and reaches levels comparable to the best performances achiev-
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able with modern rotor-blades turbines. It thus demonstrates the
promising potential of the oscillating hydrofoils technology to ef-
ficiently extract power from an incoming water flow.

INTRODUCTION

The international commitment to reduce our dependency on
fossil fuels has motivated significant research efforts in recent
years on alternative energy sources that are clean and renewable.
Wind and solar energy are well known examples, to which one
can now add the huge amount of kinetic energy available in rivers
and tidal flows. Indeed, the prospect of harnessing water flow en-
ergy with hydrokinetic turbines is becoming more attractive than
ever among renewable energies, mainly due to the high energy
density of flowing water, to its good predictability and its min-
imal environmental and human impact expected once deployed
on the seabed.

The hydrokinetic turbines sector is growing fast with sev-
eral new concepts and prototypes being developed in many coun-
tries. Most of them are using horizontal axis rotor blades (as
most modern wind turbines) or vertical axis rotor blades (as
Darrieus-type wind turbines). Other designs have also been pro-
posed [1-3].

The use of oscillating rectangular lifting surfaces (hydro-
foils) is an interesting alternative to rotating blades turbine. The
concept offers an obvious advantage in shallow water sites due to
its rectangular extraction plane, allowing the possibility to scale
up the rated power by simply increasing the turbine hydrofoil
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FIGURE 1. FRONT VIEW OF THE RECTANGULAR EXTRAC-
TION PLANE OF THE OSCILLATING HYDROFOILS TURBINE
COMPARED TO THE CLASSICAL ROTOR BLADE DESIGN.

span (see Fig. 1). Furthermore, the untwisted hydrofoils in the
oscillating concept have a much simpler geometry and are easier
to produce than usual rotor blades. This is the concept examined
and tested in this study. There has been only a few investigations
and demonstrations carried out on this subject over its brief his-
tory of about 30 years. Before surveying those contributions, let
us first describe formally the motion of each hydrofoil involved
here.

The oscillating hydrofoil motion hereafter considered (see
Fig. 2) is a combined heave-pitch motion that, restricting to a
pitching axis located on the chord line at position x, from the
leading edge, is expressed as:

0(1) = o sin(y1) 1)
h(t) = Hy sin(yt + ¢) (2)

where 6y and Hj are respectively the pitching and heaving am-
plitudes, ¥ the angular frequency (=27 f), and ¢ is the phase
difference between the two motions.

In 1981, McKinney and DeLaurier [4] reported the first use
of oscillating wings to extract power from a fluid flow. Their
prototype, the “Wingmill” extracted energy from an air flow.
They investigated mainly the effect of the phase angle between
the pitching and the heaving contributions to the oscillating mo-
tion (referred to as motion phase). They showed that maximum
power extraction occurs at a phase angle of 110° while maxi-
mum efficiency is achieved for a phase angle of 90°. Their 90 W
wind tunnel prototype reached a maximal power extraction effi-
ciency of 16.8%, which was considered satisfactory at the time,
for a pitching amplitude of 30 degrees, a heaving amplitude of
0.3 chord length and a reduced frequency of 0.12.

More recently, numerical studies (panel-code and Navier-
Stokes simulations) as well as some rather unsuccessful water
channel experiments were performed at Monterey-based Naval
Postgraduate School in California [5] . Their URANS simu-
lations of a single oscillating airfoil predicted high efficiency,
nearly 40%, for cases undergoing well-synchronized dynamic
stall.
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FIGURE 2. HEAVING AND PITCHING MOTIONS (¢ = 90°).
d=2.55¢ WHEN Hy=c AND 6, = 75°.

The first commercial prototype of an oscillating-hydrofoil
hydrokinetic turbine is the 150 kW “Stingray” prototype from
the Engineering Business Ltd [6-9]. The “Stingray” design con-
sisted of a single hydrofoil and was tested in 2003 in Scotland.
Unfortunately it was tagged non economically viable following
poor results. It reached a maximal production of 85 kW for a
modest power extraction efficiency of 11.5%.

Currently, the company Pulse Tidal Ltd. is testing a dual-
hydrofoils 100 kW turbine in the UK [10]. Their prototype uses
two hydrofoils in a tandem configuration.

Since 2003, research on oscillating-wings aerodynamics
aiming at power extraction applications has been performed
at Laval University computational fluid dynamics laboratory
(LMFN). Extensive numerical simulations [11-14] have led the
way to the HAO research project (Hydrolienne a Ailes Oscil-
lantes: Oscillating-hydrofoils hydrokinetic turbine), started in
2006, and involving the development and field testing of a 2 kW
turbine prototype. The main purpose of the experimental cam-
paign that has taken place during the summer and fall of 2009 at
Lac Beauport near Quebec City was to assert the actual energy
extraction potential of the oscillating-hydrofoils turbine technol-
ogy . The experimental results were also sought to help validate
and improve the numerical models.

This paper describes the prototype tested, the instruments
and experimental protocols and the results obtained. Further-
more, comparisons with CFD predictions are provided, in 2D for
the single hydrofoil and the tandem configuration, and in 3D for
the single hydrofoil with endplates, once a brief description of

IProject website: http://hydrolienne.fsg.ulaval.ca/en
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the numerical approach and the URANS model has been pre-
sented.

EXPERIMENTAL SETUP

The experimental rig, thoroughly detailed in [15], includes
an oscillating-hydrofoils hydrokinetic turbine mounted on a
custom-made pontoon boat driven by an outboard motor as
shown in Fig. 3. Both the pontoon boat and the hydrokinetic
turbine have been designed and built at Laval University’s De-
partment of Mechanical Engineering.

The boat has two floats made from rows of empty plastic
barrels encapsulated in an aluminum frame. The barrels provide
the needed buoyancy in addition to allowing the possibility to
level off the boat by filling part of them with water. The middle
section of the pontoon consists of two compartments apart from
an open center dedicated to the turbine. A lift structure fixed to
the boat allows to raise the turbine for transit or to lower it down
2m deep for operation.

The turbine itself consists of a one degree of freedom dual
hydrofoils system. The hydrofoils are mechanically coupled to
a rotating shaft as shown in Fig. 4. Two aluminum rods (parts
a) are connected on one end to the hydrofoils pivoting rod and
at the other end to the rotating shaft via a crankshaft (parts b).
This is equivalent to a duplicated four-link mechanism which al-
lows both hydrofoils to heave (approximating the actual circle
arc motion to a straight vertical displacement). Two more four-
link mechanisms are required to account for the pitching motion
of the hydrofoils (parts ¢). The pitching motion necessitates three
sprockets and two chains per hydrofoil (parts d). In this figure,
the pitching mechanism on the left is connected through a chain
to the downstream hydrofoil pitching axis, while the right pitch-
ing mechanism is linked to the upstream hydrofoil. These mech-
anisms are shifted 180 degrees in accordance with the pitching
phase between hydrofoils.

The relative lengths of the rods part of the four-link mecha-
nisms have been carefully chosen in order to approximate closely
the motion described in Eqns. 1 and 2 when the rotating shaft is
turning at constant speed.

The rotating shaft is connected to the mechanical/electrical
conversion group as shown in Fig. 3. The conversion group
includes an helicoidal 20:1 gearbox (Boston Gear 652B-20), a
46 kg flywheel and a generator (DC motor, Baldor CDP-3605).
With all the equipment on board, the total weight of the boat is
approximately 2000 kg.

The generator rotational speed is controlled during a run via
a DRU-R60/200R Elmo drive powered by a 180 volts (1.8 kW.h)
battery bank (15x B.B. battery 12V/10Ah, BP10-12). The an-
gular speed reference for the electrical drive is given by a re-
solver (AMCI H25-FS-R5B) mounted on the low-speed far-end
side of the shaft. The electrical power produced by the genera-
tor is recharging the battery bank. Once the batteries are fully

TABLE 1. HYDROKINETIC TURBINE PARAMETRIC DETAILS.

hydrofoils section NACA 0015
chord length (¢) 0.24 m
span (b) 1.68 m
pitching axis (x,) c/3
heaving amplitude (Hp) c
pitching amplitude (8y) 75°
inter-wing phase shift (¢;_2) 180°
motion phase (¢) 90°
inter-wing spacing (L) S.4c

charged, a chopper circuit dumps the excess electricity through
resistances where it is dissipated in heat.

Turbine Details

In the current experimental configuration, the oscillating hy-
drofoils adopt a tandem spatial configuration (see Fig. 3). Motion
amplitudes, phase shifts and inter-wing spacing are fixed based
on optimal results from 2D URANS CFD simulations [11-14].
These parameters, as well as the hydrofoils size are summarized
in Table 1 and Fig. 5 which also shows that endplates are used on
each hydrofoil in order to limit 3D hydrodynamic losses.

During the field tests, the flow velocity U (through the boat
speed) and the hydrofoils oscillation frequency f were varied be-
tween runs in order to cover the targeted range of reduced fre-
quency f* which is defined as:

f=% 3)

The nominal operating conditions correspond here to an up-
stream water velocity of U = 2 m/s and a turbine oscillation
frequency of f = 1.0 Hz which yield a reduced frequency of
fr=0.12.
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FIGURE 3. SCHEMATIC OF THE COMPLETE EXPERIMENTAL SETUP (PONTOON BOAT AND MOUNTED TURBINE).
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FIGURE 4. SCHEMATIC OF THE HYDROKINETIC TURBINE
MECHANISMS ALLOWING THE COUPLING OF THE HYDRO-
FOILS OSCILLATING MOTION TO A ROTATING SHAFT.

INSTRUMENTATION

Hardware

The instantaneous torque on the rotating shaft is measured
through a torquemeter (BLH Type A-12, part 4 on Fig. 3) located
on the rotating shaft between the turbine and the gearbox. The
torquemeter signal is amplified through a strain gage amplifier
(Vishay Measurements Group P-3500 strain indicator). A veloc-
ity probe (C2 OTT velocity meter, part 7) is used underwater to
measure the water flow velocity. Two 3-axis accelerometers are
fixed to the boat in order to assert and quantify its stability once
in motion.

The shaft angular speed is measured using an emulated en-
coder signal generated by the electrical drive based on the re-

FIGURE 5. HYDROFOIL DETAILS.

solver signal. This signal is treated by a digital signal processor
(DSP) into a 0-5 volts ramp for every shaft revolution. These ana-
log ramps are then acquired at 1000 Hz together with the torque,
velocity probe and accelerometers signals through an acquisition
card (National Instruments DAQCard-6062E 12bit A/N) con-
nected to a laptop computer (Toshiba Tecra Pentium M, 1.4GHz).

Data Processing

The velocity meter probe used produces a square wave sig-
nal whose period coincides with one revolution of its rotor. The
signal frequency is proportional to the water flow velocity via
its scaling law. To remove occasional spurious data points in
the wavefront neighborhood, the square wave signal is processed
point-to-point. This operation leads to a computed water velocity
curve necessitating no further filtering.

The instantaneous shaft angular velocity is filtered using a
low-pass 10 Hz spectral filter specifically designed to induce no
data phase shift. The same filter is applied to accelerometers
data, higher frequencies vibrations being of no interest to assert
the pontoon boat stability.

The torque signal has a low noise level and does not require
filtering prior to the phase-averaged operation (described below).

A typical run, at a given oscillation frequency f and water
flow velocity U, lasts 1-2 minutes and includes 50 to 100 tur-
bine oscillation cycles. The acquired signals are subdivided into
oscillation cycles using the encoder index occurrence. Cycle-
averaged values of water flow velocity and oscillation frequency
are then computed. Once these values are well stabilized from
cycle to cycle, 10 to 40 consecutive cycles are chosen and phase-
averaged. This results in a phase-averaged instantaneous signal
over one period of oscillation for every type of measurement per-
formed. This operation has turned out much simpler than antici-
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pated due to the excellent repeatability of the experimental mea-
surements.

The power extracted by the turbine is measured at the low-
speed side shaft as the product of the instantaneous torque .7 and
angular velocity Q.

P(t) = 7 (1)Q(t) Q)

The total power available (F,) in the water flow through the ex-
traction plane is given by the following relation:

1
P, = EpU3bd 5)

where p is the water density (p = 999 kg/m?), b is the hydrofoil
span, U is the cycle-averaged flow velocity measured by the ve-
locity meter and d is the overall extent of the hydrofoil vertical
motion (Fig. 2) which is function of Hy and 6y (for Hy = ¢ and
6 =75°d =2.55¢).

The efficiency 1 is defined as the ratio of the cycle-averaged
power extracted (P) to the total power available:

n= (6)

|~

The torque and angular velocity being measured directly on the
low speed shaft, the extracted power calculated in Eqn. 4 corre-
sponds to the hydrodynamic power extraction minus the mechan-
ical losses in the system up to the torquemeter, which is located
just before the gearbox on the transmission shaft (see Fig. 3).

The efficiency calculated by Eqn. 6 may then be qualified as
a “water-to-gearbox efficiency”. To get the “water-to-wire” effi-
ciency, one should further take into account losses in the gearbox
and the generator, by a measure of the electrical power at the gen-
erator output. This has not been done during the present exper-
imental campaign, the focus being to get a power measurement
as close as possible to the turbine itself to be able to adequately
estimate its hydrodynamic efficiency 1 nydro-

RESULTS

Instantaneous and Cycle-Averaged Data
During each test, probes and sensors data are acquired at a
rate of 1000 Hz. This allows calculation of the cyclic instanta-
neous power curve from the product of torque and angular veloc-
ity (Eqn. 4). Typical instantaneous curves are shown in Fig. 6.
From the instantaneous power curve (Fig. 6¢), one notes
large fluctuations of power over one cycle, from -2.7 to 5.4 kW,
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FIGURE 6. TYPICAL INSTANTANEOUS MEASUREMENT
CURVES OVER ONE CYCLE; (a) UPSTREAM VELOCITY (BOAT
SPEED), (b) ANGULAR VELOCITY OF THE LOW-SPEED SIDE
OF THE ROTATING SHAFT AND (c) POWER MEASURED AT
THE TORQUEMETER.

leading to a cycle-averaged value of 1.29 kW of extracted power
for this particular case. The large fluctuations are basically due
to the 180 degrees phase between the two hydrofoils; both hy-
drofoils are reaching their peak production at the same time.
Of course, a commercial implementation of this turbine concept
should rely on the use of several phase-shifted hydrofoils units to
achieve a more uniform power production.

Figure 6a shows the evolution of the upstream flow veloc-
ity over one cycle (which, in the present setup, is equivalent to
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FIGURE 7. POWER EXTRACTION EFFICIENCY VERSUS RE-
DUCED FREQUENCY FOR DUAL-HYDROFOIL TESTING. EX-
PERIMENTAL DATA POINTS SHOWN CORRESPOND TO RUNS
WITH A MEAN UPSTREAM FLOW VELOCITY RANGING FROM
1.8 TO 2.0 m/s. AVERAGE ERROR IS £2.3% (ABSOLUTE) ON n
AND =£0.002 ON f*.

the boat speed). Fluctuations of about 3% are observed on both
sides of the cycle-averaged value of 1.99 m/s. These velocity
fluctuations are mostly due to the large variations of drag forces
on the turbine over one cycle. This is consistent with onboard
accelerometers measurements which indicate a forward acceler-
ation in agreement with the velocity variations measured with the
velocity meter. The capacity to maintain the boat speed reason-
ably constant is possible due to its large inertia. Furthermore,
even if the turbine drag varies greatly, it occurs over one oscil-
lation cycle whose time period is too short (about 1s) to affect
significantly the boat stability and speed.

The rotating shaft angular velocity is indirectly controlled
through torque control by the electrical drive, in order to main-
tain a constant angular velocity. This speed control is imperfect
as can be seen in Fig. 6b. Rotating velocity fluctuations reach
19% above and 13% below the cycle-averaged value in this par-
ticular case. Most of our experimental runs present instantaneous
angular velocity variations ranging from 10% to 30%.

Field tests results concerning the power extraction efficiency
versus reduced frequency for the complete hydrokinetic turbine
(two hydrofoils in tandem configuration) are shown on Fig. 7.

One observes water-to-gearbox efficiency reaching up to
30% for reduced frequencies in the range of 0.10 to 0.12 (see
Eqn. 3).
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FIGURE 8. POWER EXTRACTION EFFICIENCY VERSUS RE-
DUCED FREQUENCY FOR SINGLE-HYDROFOIL TESTING. EX-
PERIMENTAL DATA POINTS SHOWN CORRESPOND TO RUNS
WITH A MEAN UPSTREAM FLOW VELOCITY RANGING FROM
1.7 TO 2.0 m/s. AVERAGE ERROR IS +1.7% (ABSOLUTE) ON 1
AND =£0.002 ON f*.

Single Hydrofoil Results

Further tests were performed with the downstream hydrofoil
removed. The purpose of these single-hydrofoil field tests is to
discriminate between each hydrofoil contribution to the power
extracted.

Results in terms of power extraction efficiency versus re-
duced frequency for the single-hydrofoil hydrokinetic turbine are
shown on Fig. 8.

This time, one observes a water-to-gearbox efficiency reach-
ing 20% at a reduced frequency of about f* =0.11.

It is now possible to compare these single-hydrofoil results
(Fig. 8) with those related to the dual hydrofoils in tandem con-
figuration (Fig. 7). In both cases, the turbine reaches its peak
efficiency for a reduced frequency near 0.11. Based on the single
hydrofoil results, one thus infers that in the case of the complete
turbine, the upstream hydrofoil contributes up to 2/3 of the total
power extracted leaving only 1/3 contribution to the downstream
hydrofoil.

Mechanical Losses Estimates

As previously mentioned, the power extracted is computed
from the torque measured on the low speed side of the gear-
box and the shaft angular velocity. This measurement equals the
power extracted from the water flow by the oscillating hydrofoils
minus the mechanical losses in the system up to the gearbox.
These losses are associated to the dynamic mechanical friction
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and, mostly, to the power needed to move the long heaving and
pitching rods through the water flow.

A good estimate of these losses is the power needed to move
the hydrofoil-less turbine through the water flow. To address this
point, both hydrofoils were removed and the system driven at
different frequencies in different upstream flow velocities. To
allow direct comparison with previous results, Fig. 9 shows the
data plotted in terms of power extraction efficiency to reduced
frequency. As expected, efficiency values are negative (in these
cases without hydrofoils) and show that more power is required
to drive the system through the water flow as frequency is in-
creased.

Note that even if the operating conditions are similar, loads
will be minimal on the bearings for the runs without hydrofoils
compared to the full turbine runs. Therefore, one expects to un-
derestimate mechanical friction losses in the system. The losses
estimates provided by runs without hydrofoils are thus consid-
ered as a minimal bound for the actual mechanical losses which
will be considered in section 6 where hydrodynamic efficiency is
addressed together with comparisons with CFD predictions.

NUMERICS

The finite-volumes commercial code Ansys Fluent [16] is
used to solve the Unsteady-Reynolds-Averaged-Navier-Stokes
(URANS) equations about the hydrofoils. The procedure is
essentially the one used for the parametric study presented in
[11] for low-Reynolds oscillating wings. However the current
high-Reynolds (Re = 500000) simulations use turbulence model-
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FIGURE 10. 2D URANS MESH DETAILS FOR THE SINGLE OS-
CILLATING HYDROFOIL.

ing (one-equation Spalart-Allmaras model, strain/vorticity-based
production). The SIMPLE algorithm is selected for pressure-
velocity coupling. Second order schemes are used for pressure,
momentum and turbulent viscosity discretization. The unsteady
formulation is based on a first order implicit scheme which is
imposed from the use of dynamic mesh capabilities. Absolute
convergence criteria of 1073 are set for continuity and velocity
components while 10~ is used for the turbulent viscosity.

Let us first consider the case of a single oscillating hydro-
foil as depicted in Fig. 10. The motion of the foil is prescribed
in Fluent through the use of user-defined functions (UDFs) com-
piled within the solver. Although the dynamic mesh options are
activated, no actual remeshing is done during the computation.
Instead, the use of a non-conformal sliding interface centered on
the hydrofoil pitching center is used to allow relative motion be-
tween the hydrofoil near-body mesh zone and the external mesh
zone. This accounts for the pitching part of the oscillating mo-
tion. The flow computation is then done in the hydrofoil heaving

Copyright © 2010 by ASME
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FIGURE 11. DOMAIN SIZE AND BOUNDARY CONDITIONS
FOR THE 3D NUMERICAL SIMULATIONS ABOUT THE AR =7
HYDROFOIL EQUIPPED WITH THE SAME ENDPLATES AS ON
THE PROTOTYPE.

reference frame. This requires to specify time-varying veloc-
ity vectors on the upstream, top and bottom domain boundaries.
Furthermore, the reference frame acceleration must be added
as a source term to the Navier-Stokes equations. This is again
done via user-defined functions. This strategy is summarized in
Fig. 10 along with mesh details.

Both 2D and 3D simulations have been performed for cases
of a single oscillating hydrofoil. The 2D simulations are carried
on until reasonable periodicity is achieved on cycle-averaged val-
ues from one cycle to the other (variations of less than 0.1% on
cycle-averaged values). This typically requires 5 to 10 oscilla-
tion cycles from the impulsive start, depending on the reduced
frequency. The time step size is defined as the minimum be-
tween 0.5 thousandth oscillation period (7' /2000) and one hun-
dredth convective time unit (¢/(Us 100)). The 3D simulations
(2,1M cells) each require about 2 weeks to complete on a 16 pro-
cessors cluster; four simulations have been performed and each
of them were run for 3 to 4 oscillation cycles with a time step
size of one thousandth oscillation period. Despite the limited
number of cycles computed for each case, the periodicity from
cycle to cycle was satisfactory at 0.25% for cases associated to
f*=0.1,0.12,0.14 and 0.5% for f* =0.2.

Symmetry
4/\/ \/ \ % \ \)/@V{ Buffer mesh zone |/

Uniform velocity profile

Turbulent viscosity ratio: vr/v = 0.001
ainssaxd oneys wojiun

Non-conformal
| sliding interfaces

FIGURE 12. THE MESH IS DIVIDED IN 5 DISTINCT MESH
ZONES. FOUR OF WHICH ARE MOVING IN RIGID BODY MO-
TION (EACH HYDROFOIL IS ENCAPSULATED IN A RIGIDLY
ROTATING MESH ZONE WHICH IS ITSELF PART OF A LARGE
HEAVING MESH ZONE). A BUFFER MESH ZONE IS PRESENT
NEAR THE DOMAIN BOUNDARIES IN ORDER TO ALLOW THE
HEAVING DEFORMATION OF THE HEAVING MESH ZONES.

The 3D URANS simulations use essentially the same strat-
egy as 2D computations except that the finite hydrofoil symmetry
allows to model only half the problem with the use of a sym-
metry plane right through the hydrofoil mid-span (see Fig. 11).
In 3D, the non-conformal sliding interface appears as a closed
cylinder surrounding the hydrofoil and its endplate. This cylin-
drical interface is closed at a half-chord distance farther than the
endplate in order to avoid interfaces interpolation to occur right
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at the wingtip plane. The mesh discretization on the mid-section
symmetry plane is the same as the 2D mesh presented in Fig. 10.

For simulations involving two hydrofoils in a tandem con-
figuration, we limit ourselves to 2D modeling, and the strategy
must be adapted due to the absence of a common heaving refer-
ence frame. Numerical simulations are thus performed in a fixed
reference frame. This once again requires the use of dynamic
meshes and sliding non-conformal interfaces to allow relative
motion of adjacent mesh zones (see Fig. 12). Both hydrofoils
are again encapsulated in a circular mesh zone moving in rigid
body with them. These circular mesh zones are each surrounded
by a large moving mesh zone heaving in rigid body with the hy-
drofoil. A non-conformal sliding interface allows the relative
pitching motion of the hydrofoils and circular mesh zones into
the heaving mesh zone. Furthermore, the cells adjacent to the
computational domain external boundaries are deforming, play-
ing the role of a buffer mesh zone to allow the heaving cell zones
motion. Finally, the hydrofoils motions are phase-shifted so an
additional sliding interface is required between the two heaving
mesh zones to permit relative motions.

The mesh refinement is done in such a way as to guaran-
tee that the upstream-hydrofoil convected wake stays in a high
spatial resolution mesh at all time. This is very important in the
present turbine simulations since the downstream hydrofoil in-
teraction with the upstream hydrofoil wake vortices is of great
interest.

For each tandem simulation, cycle-averaged values are com-
puted for every oscillation cycle and computation is carried on
until periodicity is achieved. To reach periodicity usually re-
quires 5 to 8 cycles.

The instantaneous power P(¢) extracted from the flow (per
unit depth in the case of 2D computations) by a given hydrofoil
comes from the sum of a heaving contribution P, (r) =Y (1) V,(r)
and a pitching contribution Py(r) = M(t)Q(r), where Y is the
vertical force on the hydrofoil, V), the instantaneous heaving ve-
locity, M the resulting torque about the pitching center x, and
the instantaneous pitching velocity. The mean power extracted
over one cycle (P) can then be computed as well as the hydrody-
namic efficiency from Eqn. 6.

HYDRODYNAMIC PERFORMANCE PREDICTIONS

In order to compare CFD results with experimental data, me-
chanical losses in the experimental setup from the turbine itself
up to the gearbox (where the power has been measured) must be
subtracted in order to get the hydrodynamic efficiency. A min-
imal bound for the hydrodynamic efficiency is obtained for the
single and dual hydrofoils turbine by subtracting to their respec-
tive trendlines (Figs. 7 and 8) the mechanical losses estimation
provided by runs without hydrofoils (Fig 9).
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FIGURE 13. COMPARISON BETWEEN 2D AND 3D URANS NU-
MERICAL RESULTS AND EXPERIMENTAL DATA. HYDRODY-
NAMIC POWER EXTRACTION EFFICIENCY VERSUS REDUCED
FREQUENCY FOR THE SINGLE-HYDROFOIL TURBINE TEST-
ING.

Single Hydrofoil Comparison

For the single hydrofoil case first, this hydrodynamic effi-
ciency estimated from experiments is compared to 2D and 3D
CFD results in Fig. 13.

The hydrodynamic efficiency values are found to reach a
plateau at 1 = 30% starting at a reduced frequency of 0.12.
CFD results indicate that this plateau is maintained up to about
f*=0.20 (experimental data are available up to f* = 0.16). One
thus infers that the drop of efficiency observed in Fig. 8 past
f*=0.12 is mostly due to the increase of mechanical losses with
frequency (Fig. 9).

The 2D CFD results match the experimental curve very well
for f* < 0.08 while they overpredict the actual performances at
higher frequencies. It is noted also that the predicted efficiency
is more or less constant between 0.10 < f* < 0.20.

Whenever available, direct comparisons between 2D and 3D
URANS results show the 2D computations overpredicting power
extracted by a consistent margin (except for f* = 0.08). The loss
of performance due to the finite span (AR = 7) represents ap-
proximately 15% of the 2D result for the nominal experimental
condition at f* = 0.12. One further notes that the 3D simulations
predictions compare remarkably well with the estimated experi-
mental minimal hydrodynamic efficiency of a single oscillating
hydrofoil.

In terms of flow dynamics, runs related to reduced frequen-
cies below 0.10 experience strong dynamic stall and leading-
edge vortex shedding in a bluff-body fashion. At the opposite,
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FIGURE 14.
TIVE VORTICITY AND RED FOR POSITIVE) AT TWO INSTANTS
IN THE HYDROFOIL OSCILLATION CYCLE. AT f* =0.08 (LEFT),
MASSIVE DYNAMIC STALL AND LEADING-EDGE VORTEX
SHEDDING OCCURS. AT f* = 0.16 (RIGHT), BOUNDARY LAY-
ERS REMAIN CLOSE TO THE HYDROFOIL AND NO VORTEX
SHEDDING OCCURS.

ISOSURFACES OF VORTICITY (BLUE FOR NEGA-

a single hydrofoil oscillating at a reduced frequency of 0.16 and
up to at least 0.20 (and of course with amplitudes Hy = ¢ and
6y = 75°) presents essentially no separation. This point is illus-
trated in Fig. 14 based on the URANS 2D flow fields. The in-
termediate frequencies ([0.10 < f* < 0.14]) are experiencing dy-
namic stall vortex shedding, but the leading-edge boundary layer
separation is not initiated before t = T' /4. This leads to a vortex
formation which will be shed from the hydrofoil when the latter
is around its heaving maxima. Such a timed shedding does not
interfere with performance, in opposition to mid-run shedding
occurrences at lower frequencies, the peak instantaneous power
production being reached at about t = 7' /4 and t = 3T /4 when
boundary layers are attached.

Classical 3D effects in hydrodynamics of lifting bodies tend
to reduce the lift due to the induced downwash. The good agree-
ment observed between 2D predictions and the experimental data
at low frequencies suggests that such 3D effects are weak in such
cases probably due to the multiple vortex shedding occurrences
taking place during each cycle when f* < 0.1. This is further
corroborated by a match between 2D and 3D URANS predic-
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FIGURE 15. ESTIMATED HYDRODYNAMIC POWER EXTRAC-
TION EFFICIENCY VERSUS REDUCED FREQUENCY FOR
DUAL-HYDROFOIL TURBINE TESTING.

tions for f* = 0.08 (see Fig.13).

Tandem Hydrofoils Comparison

In the case of dual hydrofoils, the minimal hydrodynamic ef-
ficiencies estimated from experiments is provided as a trendline
in Fig. 15. The maximum estimated efficiency is about 40% for
a reduced frequency near 0.12. The efficiency drops noticeably
past its maximum value. This is due to the fixed inter-wing spac-
ing (L) at 5.4¢, which has been chosen (based on CFD mod-
eling) in order to get an optimal downstream hydrofoil power
production from a favorable interaction with the upstream hy-
drofoil wake vortices for a reduced frequency of 0.14 such as
illustrated in Fig. 16. At higher frequencies, the downstream hy-
drofoil positioning is no more optimal. Its mean contribution to
power extracted is even falling to zero and eventually to negative
values, hindering the turbine global performance.

The capability to vary the inter-wing spacing would allow
to maintain good power extraction efficiency on a broader range
of reduced frequencies. However, a commercial implementation
of this turbine would likely operate with a speed-controlled gen-
erator, adjusting the oscillation frequency to the flow velocity in
order to operate at a fixed, optimal reduced frequency value.

Comparison with 2D URANS simulations are also pro-
vided. The numerical predictions reproduce qualitatively the ex-
perimental curve trend but largely overpredict performance for
f*>0.12. The total power extracted from the turbine comes
from the sum of both hydrofoils contributions. The power con-
tribution of the upstream hydrofoil will be similar here to the
results obtained on the single hydrofoil computations (Fig. 13).
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The downstream hydrofoil positioning relative to the upstream
hydrofoil has a critical impact on the turbine performance be-
cause it operates in the upstream hydrofoil wake. A favorable hy-
drofoil/wake vortices interaction, as the one presented in Fig. 16,
allows to reach efficiencies up to 64% in the 2D CFD simula-
tions.

To predict such high efficiencies may seem surprising at
first, considering the classical Betz’s law, limiting the hydro-
dynamic efficiency at 59.3% [17] for a single turbine and to
64.0% [18] for two turbines in a tandem configuration. However,
Betz’s analysis considers a stationary axisymmetric streamtube
of inviscid flow around a turbine. This analysis does not apply to
the current oscillating hydrofoils turbine concept due to its strong
unsteady character. This is particularly true for the downstream
hydrofoil interacting strongly with shed vortices.

It should be noted that the best performance predicted by
the 2D URANS computations are characterized by a beneficial
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strong interaction of the downstream hydrofoil with the upstream
hydrofoil wake vortices. However, in the three-dimensional real-
ity, the 2D coherence of the wake vortices will be likely broken
(as shown in Fig. 17), resulting in an uncorrelated vortex inter-
action with the downstream hydrofoil. Thus instantaneous gains
due to vortex-induced velocities are unlikely to occur in the 3D
reality.

CONCLUSION

A new hydrokinetic turbine prototype has been designed,
built and experimentally tested. The turbine relies on the use of
two oscillating hydrofoils in a tandem configuration to harness
power from the water flow instead of using conventional rotating
blades.

This concept is quite promising due to its good hydrody-
namic efficiency as well as its rectangular extraction plane which
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FIGURE 17. EXAMPLE FROM THE 3D URANS SIMULATION
OF A 3D VORTEX WITH BROKEN 2D COHERENCE. THE VOR-
TEX SHAPE IS SHOWN USING SLICES SHOWING CONTOURS
OF Z-VORTICITY COMPONENT (BLUE FOR NEGATIVE VOR-
TICITY, RED FOR POSITIVE).

is well suited for riverbeds and shallow waters. Its use of un-
twisted hydrofoils which are less expensive to build than usual
twisted rotor blades is also a great asset.

The experimental campaign described in this paper took
place on a lake, the hydrokinetic turbine being mounted on a
custom-made pontoon boat. This strategy allowed versatility in
the choice of the turbine operating conditions and facilitated its
deployment.

Results from this campaign show that this prototype, and
thus the oscillating hydrofoils concept, presents a good energy
extraction potential with performance similar to rotating blades
technology. Indeed, the hydrodynamic power extraction effi-
ciency reaches up to 40% for the present dual-hydrofoil turbine
in tandem configuration.

Comparisons with 3D URANS numerical simulations show
a good agreement on cycle-averaged values predictions for one
oscillating hydrofoil. 2D URANS predictions are expected to
overpredict the power extracted and this is observed for reduced
frequencies higher than 0.1. However, the qualitative evolution
of the 2D URANS hydrodynamic predictions is close enough to
the experimental trend to provide useful physical insights.

The success of this first development phase of an oscillating-
hydrofoils hydrokinetic turbine leads the way to the next step
involving the deployment in a river or in a canal of a second
generation prototype of increased power.
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Mechanical losses associated to the coupling mechanism
used in this first implementation are estimated to be a least 25%
of the total power extracted. The next implementation will aim to
reduce these losses and to use phase-shifted hydrofoils in order
to uniformize the power production.
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