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A wing that is heaving and pitching simultaneously may extract energy from an oncoming flow, thus acting as a
turbine. The theoretical performance of such a concept is investigated here through unsteady two-dimensional
laminar-flow simulations using the commercial finite volume computational fluid dynamics code FLUENT.
Computations are performed in the heaving reference frame of the airfoil, thus leaving only the pitching motion of the
airfoil to be dealt with through a rigid-body mesh rotation and a circular nonconformal sliding interface. Unsteady
aerodynamics basics of the oscillating airfoil are first exposed, with a description of the operating regimes. Effects of
unsteadiness are stressed and the inadequacy of a quasi-steady approach to take them into account is exposed. We
present a mapping of power-extraction efficiency for a single oscillating airfoil in the frequency and pitching-
amplitude domain: 0 < fc/U,, <0.25 and 0 < 6, <90deg for a NACA 0015 airfoil at a Reynolds number of
Re = 1100, a heaving amplitude of one chord (H, = c), and a pitching axis at the third chord (x, = ¢/3). Remarkably,
efficiency as high as 34% is observed, as well as a large parametric region at §, > 55deg in which efficiencies are
higher than 20 %. Results from a parametric study are then provided and discussed. It is found that motion-related
parameters such as heaving amplitude and frequency have the strongest effects on airfoil performances, whereas

geometry and viscous parameters turn out to play a secondary role.

Nomenclature

C = nondimensional coefficient

c = chord length

D = drag force defined with respect to the instantaneous
effective flow direction

d = overall vertical displacement

f = frequency of oscillation of period 7, 1/T

f* = nondimensional frequency, fc/Uy,

H, = heaving amplitude

h = instantaneous vertical position of the airfoil pitching
axis

L = lift force defined with respect to the instantaneous
effective flow direction

M = torque about x,

P = instantaneous total power extracted, P, + P,

P, = total power available, { pU3.d

P, = heaving contribution to instantaneous total power, YV,

P, = npitching contribution to instantaneous total power, M2

)4 = pressure on the airfoil

R = resultant aerodynamic force

Re = Reynolds number, U, c/v

U, = freestream velocity

Vegr = effective upstream velocity, /U2, + V2

V, = instantaneous heaving velocity

Vg = peak velocity ratio, Vy . /Us = 27f*Hy/c

X = horizontal component of aerodynamic force

X, = chordwise position of pitching axis

Y = vertical component of aerodynamic force

o = effective angle of attack, arctan(—V, /U) — 0
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quarter-period effective angle of attack (|otz/4| & Qpax)s

arctan(Vg) — 6,

= angular frequency, 27 f

= efficiency, P/P,

= instantaneous angular position of the airfoil chord w/r to

horizontal

= pitching amplitude

cylinder diameter

phase shift between pitching and heaving motions

feathering parameter, 6,/ arctan(H,y/U,)

pitching angular velocity

= mean value over one motion cycle (cycle-averaged
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1. Introduction

HE recent rise of fuel prices and the growing commitment of the
international community to limit greenhouse effect motivate the
development of alternative power-generation systems from renew-
able sources. One promising concept in the fields of wind turbines
and tidal energy systems relies on the use of oscillating wings,
simultaneously heaving and pitching, as power-extraction devices.
This concept was initially proposed by McKinney and DeLaurier [1]
in 1981 and was further investigated by Jones et al. [2] more recently.
The present investigation on oscillating airfoils is based on
unsteady laminar 2-D numerical simulations of the complex viscous
flows resulting when large-amplitude motions are considered. We
restrict this work to laminar-flow conditions at Reynolds numbers of
O(103) (except in Sec. IV.B.3) to avoid introducing uncertainties
associated with turbulence modeling and to keep computing costs
reasonable, allowing a great number of cases to run. This study thus
aims to determine the optimal aerodynamic parameters maximizing
the efficiency of power extraction achieved by a single airfoil at low
Reynolds numbers. The new data and physical insights provided in
this work should stimulate further investigations and help to guide
the design and testing of actual power-extraction systems based on
the oscillating-wing concept.

In this paper, we first present a description of the aerodynamics of
oscillating airfoils with proper characteristics of each operating
regime: namely, power extraction and propulsion. The inadequacy of
a quasi-steady approximation for the flow about an oscillating airfoil
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was addressed by Theodorsen [3] in his classical work on unsteady
aerodynamics and aeroelasticity. The present investigation confirms
this inadequacy, extending the study to the strong nonlinear
situations of viscous flows and large amplitudes of motion. Itis found
that unsteadiness is responsible for considerably higher instanta-
neous force coefficients, which represents an attractive characteristic
for the development of higher-performance turbines or propulsion
devices.

A mapping of power-extraction efficiency in the parametric space
(f*, ;) (the frequency/pitching-amplitude space) is then presented
for a given airfoil geometry, a fixed Reynolds number, a fixed
heaving amplitude, and a given pitching-axis location. Furthermore,
the impact of varying the previously fixed parameters is discussed,
and their relative importance is emphasized.

Numerical simulations in this work are performed with an
Eulerian approach using an innovative dynamic mesh strategy.
Accuracy of the numerical predictions presented here is well
ascertained through a thorough validation process that involves
rigorous spatial and temporal convergence tests as well as
comparisons with independent numerical simulations carried out
with an in-house Lagrangian-vortex-method solver.

II. Oscillating-Airfoil Basics
A. Motion Description
We define an oscillating wing as an airfoil experiencing
simultaneous pitching 6(¢) and heaving h(¢) motions, as shown in
Fig. 1. Restricting to a pitching axis located on the chord line at
position x, from the leading edge, the airfoil motion is expressed as

0(r) = 6, sin(yt) — Q(r) = Oyy cos(y1) (1)

h(t) = Hysin(yt + ¢) — V(1) = Hyycos(yt +¢)  (2)

where 6, and H,, are, respectively, the pitching and heaving
amplitudes; €2 is the pitching velocity; V| is the heaving velocity; y is
the angular frequency (27f); and ¢ is the phase difference between
the two motions. In the current study, only symmetric airfoils are
considered, and ¢ is kept constant at 90 deg. The freestream velocity
far upstream of the oscillating airfoil is U,,.

B. Operating Regimes

One must know that an oscillating symmetric airfoil can operate in
two different regimes: namely, propulsion and power extraction.
This fundamental distinction originates from the sign of the forces
that the flow generates on the moving airfoil. Based on the motion
imposed and upstream flow conditions, the airfoil experiences an
effective angle of attack « and an effective upstream velocity Vg,
obviously functions of time, expressed as follows:

a(t) = arctan(=V,(¢)/Us) — 0(2) 3)

Veir (1) = /U + V, (1)? “)

Their maximum values in the cycle are expected to have a major
impact on the peak forces generated and on the possibility of
dynamic-stall occurrence. The maximum effective angle of attack
reached in one cycle is approximated by the modulus of its quarter-
period value (exact approximation in most cases):

Omax ~ |aT/4| = |arCtan(VH0/Uoo) - 90' (5)
The maximum effective velocity also occurs at the quarter-period:
Vmax = eff(T/4) =V Ugo + ()/I_IO)2 (6)

To qualify the effect of the imposed motion on the flow regime, one
defines a feathering parameter [4] as

- C -

Fig. 1 Imposed heaving and pitching motions (¢ = 90 deg).

t/T=1/2

Fig. 2 Power-extraction regime (x > 1 and a7/ < 0) of an oscillating
airfoil viewed in the freestream velocity reference frame; apparent
motion of the airfoil is from right to left and effective velocity vector
coincides with the apparent trajectory.

bo
X= arctan(Hyy/Uy,) )

Based on a simple quasi-steady argument, which leads to
necessary, but not precisely sufficient, conditions (in a mean sense
over the cycle), one can show that x <1 is associated with
propulsion (az/4 >0), whereas x > 1 corresponds to power
extraction (ar/4 < 0). An example of the latter case is shown in the
schematic representation of Fig. 2, which presents a time sequence
viewed in a reference frame moving with the far-field flow at U, so
that the effective angle of attack «(f) is made visible from the
apparent trajectory of the airfoil. In that figure, the resultant force R is
first constructed from typical lift and drag forces (right-hand side)
and then decomposed into X and Y components (left-hand side). One
easily infers in Fig. 2 that the resultant aerodynamic force R would
have a vertical component Y that is in the same direction as the
vertical displacement of the airfoil. The flow would thus make a
positive work on the airfoil, and therefore power would be extracted
as long as no negative work is involved with respect to the horizontal
component X. This is precisely the case of interest here, because our
airfoil is actually not moving horizontally, but only pitching and
heaving into a uniform flow from left to right at speed U,.

The particular case x =1 shown in Fig. 3a implies that the
resultant force R is tangent and opposed to the motion of the airfoil
(no lift, only drag under the quasi-steady assumption). However, this
is actually the case only when () = 0in the cycle, which happens at
every quarter-period (t+=iT/4, i=0,1,2,...) under the sole
condition y =1 [as depicted in Fig. 3b from the «(#) curve]. This
particular situation is hereafter referred to as the feathering limit. To
guarantee that the effective angle of attack « is kept null over the
whole cycle, one must modify the pitching function Eq. (1) as

8(1) = arctan (‘KV;(’)) ®

o0

This is the special-case scenario we refer to as the feathering regime.

Finally, in the schematic of Fig. 4, one observes that the motion of
the airfoil may produce a horizontal force X toward the left, thus
resulting in a net propulsion. Of course, this propulsion is achieved at
the price of doing some work on the fluid through Y opposing the
vertical displacement of the airfoil.
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Fig. 3 Feathering regime (x = 1 and a7/4 = 0) of an oscillating airfoil: a) schematic and b) corresponding effective angle-of-attack evolution [Eq. (3)]

over one periodic cycle.

Fig. 4 Propulsion regime (x < 1 and a7/, > 0) of an oscillating airfoil.

For analysis purposes, it is convenient to consider the parametric
space (f*, 8,) (see Fig. 5), which is divided in two zones by the curve
corresponding to the feathering limit. The power-extraction area falls
above this limit, whereas cases below it belong to the propulsion
regime.

It thus clearly appears that one may change the operating regime of
an airfoil oscillating at a given frequency simply by varying its
pitching amplitude, thus affecting a7, and . Once again, note the
necessary, but not sufficient, character of the condition of being on
one side or the other of the feathering limit to actually achieve
propulsion or power extraction in a mean sense over the cycle.

Figure 5 also presents isolines of |a74| plotted parallel to the
feathering limit, which is itself the curve corresponding to
ar/, = 0deg. Although effective angles of attack as high as 40 deg
would be considered irrelevant in a steady aerodynamic perspective,
such high values are considered in Sec. IV for their possible benefits
due to dynamic-stall vortex shedding.

Examples of typical X and Y force-coefficient evolutions over one
periodic cycle are also provided in Fig. 5 for each operating regime.
For reference, the heaving velocity V, is also plotted. For the
power-extraction case, the positive cycle-averaged product Cy () -
V,(1)/ U, implies net power extracted, whereas Cy > 0 indicates a
net drag over the cycle. For the propulsion case, the horizontal force
component evolution leads to Cy < 0, indicating a net propulsion
over the cycle. The work needed to propulse the airfoil is primarily
given by the cycle-averaged product Cy(z) - V,(#)/ Uy, which is
therefore negative here.

C. Wake Signature

Obviously, oscillating airfoils tend to produce counter-rotating
vortices in their wakes. It is often possible to identify which regime a
given case belongs to just by looking at its wake.

In the power-extraction regime, one always gets a positive mean
Cy overonecycle (e.g., Fig. 5, top). As shown in Fig. 6a, the wake in
such cases takes the form of a drag-producing Karman-like vortex
street. The velocity induced by the wake vortices (more precisely, the
x component) is consistent with the expected x velocity deficit near
the center of a dragging body.

On the other hand, in the airfoil reference frame, propulsion cases
such as that shown in Fig. 6b should present a pattern of vortices that
induces, in the mean, a positive x component of velocity. One might
refer to it as a jetlike pattern, consistent with the net thrust of a self-
propelled body.

Considering the mean velocity profiles in these wakes, one can
thus infer that at the same oscillation frequency, the vortices
generated in the propulsion regime should be convected away from
the airfoil faster than vortices produced in the power-extraction
regime.

D. Extracted Power and Efficiency

The instantaneous power extracted from the flow (per unit depth)
when x > 1 comes from the sum of a heaving contribution P, (1) =
Y (¢)V,(t) and a pitching contribution Py () = M (1)$2(t), where M is
the resulting torque about the pitching center x,,. The mean power
extracted over one cycle can thus be computed in nondimensional
form:

P
Y
as
_ - - 1 V, (1) Q(t)c
Cr=Cr 4G = [0 52 + 52 oty

(C)]

We further define the power-extraction efficiency 7 as the ratio of the
mean total power extracted P to the total power available P, in the
oncoming flow passing through the swept area (the flow window):

n (10)

P -

P, oURd
where d is the overall vertical extent of the airfoil motion. This
distance considers both heaving and pitching motions, as shown in
Fig. 1, and is typically slightly larger than 2H,,. The power-extraction
efficiency is theoretically limited to 59% from the Betz [5] analysis of
a stationary inviscid stream tube around a power-extraction device.

III. Numerics
A. Unsteady and Viscous Effects

The aerodynamics of a moving body are far more complex than the
aerodynamics of a steady body. In a first attempt to model the former,
it could be tempting to use instantaneous force coefficients from
stationary data matching the instantaneous angle of attack. However,
such a quasi-steady hypothesis lacks the effect of history inherent to
unsteady problems and fails to predict accurate results even for
smooth cases far away from dynamic stall.

To illustrate the strong limitations of the quasi-steady approach,
preliminary calculations of true feathering {feathering regime a(¢) =
0 [Eq. (8)]} were computed for different frequencies. Evolutions of
lift coefficient over one periodic cycle are shown in Fig. 7, in which a
quasi-steady hypothesis would predict no lift at all (C, () = 0). Itis
clearly seen that unsteady effects are significant (C; reaching up to
0.5 for a frequency f* = 0.14) and grow with frequency as expected.
Some unsteady wake interaction is visible on the vorticity field
associated with f* = 0.14.
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Fig. 5 Operating regimes in (f*, 6,) parametric space with isolines of
maximum effective angle of attack (am.x ~ |ey/4]); typical force
coefficients Cy and Cy along with heaving velocity V, /U, are provided
over one periodic cycle for a power-extraction case (top) and a
propulsion case (bottom).

Modeling of the unsteady flows about moving bodies with
inviscid aerodynamic approaches, such as panel methods, would
thus improve matters. However, inviscid approaches are limited to
cases experiencing no dynamic stall [2]. This limitation is seriously
restrictive, because dynamic stall plays a key role in oscillating-
airfoil performance, as will be discussed in Sec. IV. In this study, we
therefore rely on a more computational intensive method: namely, on
an unsteady Navier—Stokes solver.

u(y)

Q\@/ @q
R

b)
Fig. 6 Instantaneous vorticity field with directions of wake-vortice-
induced velocities for a) a typical power-extraction case (f* = 0.22), and

b) a typical propulsion case (f* = 0.35); mean x velocity profiles are also
sketched.

f*=005
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Fig. 7 Unsteady effects in feathering-mode cases with «(f) =0 [see
Eq. (8)]; NACA 0015; Re = 1100: a) vorticity fields at ¢/T = 0 with the
airfoil path line added for reference (gray for positive @ and black for
negative) and b) instantaneous lift; C; (f) = 0 would be predicted under
quasi-steady hypothesis.

fr=o014

B. Flow Solver

High resolution two-dimensional unsteady computations are
performed in this study at Reynolds numbers from 500 to 10,000
with the commercial finite volume code FLUENT 6.1 [6]. A second-
order-accurate upwind scheme is used to discretize convection terms,
and diffusion-term discretization is done with the second-order
central-differencing scheme. A second-order-accurate backward-
implicit scheme is used to discretize time. A pointwise Gauss—Seidel
linear equation solver is used to solve the discretized equations, in
conjunction with an algebraic multigrid method accelerating
convergence. The velocity-pressure coupling is based on a semi-
implicit method for pressure-linked equations (SIMPLE) segregated
algorithm.

C. Dynamic Mesh Strategy

Because FLUENT allows for the use of moving meshes, the
straightforward strategy would be to consider an inertial (fixed)
reference frame. Both heaving and pitching motions of the airfoil
would then be taken into account through mesh motion and regular
remeshing. However, this approach in FLUENT requires the use of
first-order time integration, which therefore imposes the use of very
small time-step sizes to control the inherent numerical diffusion.

To circumvent this constraint, a different meshing strategy was
developed in this work. In the present approach, the problem is set in
aheaving reference frame (vertical translation) attached to the airfoil.
The pitching portion of the airfoil motion is left as such; that is, the
airfoil is actually rotating in the translating reference frame. This
implies the use of time-varying velocity conditions on the inflow
domain boundary and the addition of a new source term in the
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Time-varying velocity vector

35C 40C
Reference frame acceleration
added as source term in N-S
Time-
varying y Uniform
velocity
70 C 7 static
vector
pressure
1
Sliding interface
Time-varying
2 velocity vector
2
3
3

Nonconformal sliding interface

Fig. 8 Grid details with two zoom levels showing its circular
nonconformal, sliding interface; typical grid size is 72,000 cells and
near-body resolution is Re, = wA2?/v = O(1).

Navier—Stokes equation to account for the reference-frame
acceleration. Hence, mesh motion is necessary only for the rotating
(pitching) motion of the airfoil. This is done by splitting the
calculation domain into two zones bounded by a circular
nonconformal sliding interface. As can be seen in Fig. 8, this
interface is located at five chords around the airfoil, and the grid
inside is pitching in rigid-body motion with the airfoil. The grid
outside the interface is not moving. This strategy offers the
significant advantage of allowing for the use of second-order time-
integration scheme, rather than only first-order when solving in a
fixed inertial reference frame.

To reach the long-term periodic-flow response after the impulsive
start in each of our simulations, a few cycles are first computed with a
relaxed time-step size. The precise number of cycles computed at that
stage depends on the period of oscillation 7 = 1/f. This transitory
period should provide at least 20 convective time units (i.e., time
enough for the early wake to get sufficiently far away from the body).
From that point on, calculation is pursued using a finer time
resolution given by

an

T /I
At =min)—
mm{zooo’ 100

where ||V| is a velocity norm representing the maximum
instantaneous convective flux velocity in the domain, which takes

into account U, the heaving boundary condition, and the pitching
mesh velocity. Normalized flow diagnostics are thereafter monitored
to ascertain the periodicity of the final cycles. A criterion of less than
0.1% variation in mean statistics between final cycles is typically
used. Flow quantities and aerodynamic forces of the last cycle are
then recorded and used to compute various mean values as well as the
power-extraction efficiency. The typical run time for a whole
simulation is about 100 h on a single P4/3.2-GHz processor.

D. Validation

To validate our numerical predictions, rigorous self-consistency
tests were carried out to assure satisfactory independency of the force
predictions with respect to both mesh and time discretizations.
Unfortunately, there are yet no experimental data available for low-
Reynolds-number oscillating airfoils in a power-extraction regime.
Therefore, to further support our numerical predictions, we adapted
an in-house Lagrangian-vortex-method solver provided to us by
Ploumhans and Winckelmans [7] to independently recompute
several of the Eulerian simulations. Some of this validation effort is
presented in this paper.

First, the case of a cylinder undergoing vertical sinusoidal
oscillation was used to test our simulation approach with respect to
our choice of working in the heaving reference frame. This flow was
computed at the Reynolds number of 500 with a high-accuracy
spectral element method by Blackburn and Henderson [8]. Excellent
agreement on instantaneous and mean force predictions was
achieved for both levels of resolution tested, as shown in Table 1.

The complete strategy involving the use of a sliding nonconformal
interface to allow rigid-body rotation of a circular mesh zone
adjacent to the body was validated through comparisons with high-
accuracy oscillating-airfoil results produced with the in-house
Lagrangian-vortex-particles method [7,9], which, in essence, is a
mesh-free-solution method. Thus, by nature, both solvers (the
Eulerian and the Lagrangian) are completely different and
independent. Results of instantaneous forces and moments over
time for a periodic cycle are found to be in excellent agreement, as
shown in Fig. 9 for a typical case (referred to as case 1) of high-
efficiency power extraction. This agreement strongly supports our
overall numerical strategy as well as the resolution level used in our
production runs, as discussed next.

Autovalidation tests were also systematically performed for three
different, physically significant, operating points in the parametric
space of reduced frequency and pitching amplitude. Cases 1 and 3
involve strong dynamic-stall and leading-edge vortex shedding
(LEVS), but at quite different frequencies, whereas case 2 (at the
highest frequency) is much smoother and only exhibits boundary
layers at the onset of dynamic stall. Results for space and time
refinements are shown in Table 2.

Three different mesh resolutions were used: a coarse mesh (16,000
cells and 140 nodes on the airfoil), a medium mesh (72,000 cells and
280 nodes on the airfoil), and a fine mesh (253,000 cells and 560
nodes on the airfoil). To establish time-discretization independency,
three levels of time steps per cycle were also considered (using the
medium mesh): 500, 2000, and 4000. It can be seen from Table 2 that
for all three cases, 2000 time steps per cycle yields time-accurate
predictions for both mean and instantaneous values. Furthermore,
results show that our medium-mesh resolution provides satisfactory
accuracy in space, as far as force and efficiency predictions are
concerned. Indeed, for our three test cases, differences between
medium- and fine-mesh results are quite small, with variations of less

Table 1 Comparison of mean horizontal force coefficient and peak vertical force coefficient with the
spectral element method predictions of Blackburn and Henderson [8] for a heaving cylinder;
Re=U,®/v=500,f*=f®/U,, =0.228, and H,/ P = 0.25

Solver Cells Time steps/cycle Cy Cy
Present (coarse) 38,800 2000 1.397 1.729
Present (medium) 65,600 2000 1.412 1.755

Blackburn and Henderson|[8§]

422 (ninth order) 2000 1.414 1.776
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c)

---d----4-- FLUENT 16,000 cells, 2000 ts/cycle
-0-0- FLUENT 72,000 cells, 2000 ts/cycle
FLUENT 253,000 cells , 4000 ts/cycle
o Lagrangian vortex method

Fig. 9 X and Y forces and pitching moment M (at third chord) coefficients over time for a periodic cycle; for clarity, only 3% of the data symbols are
plotted; NACA 0015; Re = 1100, H,/c = 1, f* = 0.14, §, = 76.33 deg, and x,/c = 1/3.

than 3% on instantaneous peak force coefficients, whereas cycle-
averaged values (such as mean Cy and efficiency) closely match
within 1%.

Instantaneous pressure-coefficient distributions at two different
times in the airfoil motion cycle of case 1 are also provided in Fig. 10
to demonstrate the accuracy of the medium-mesh resolution on the
instantaneous flowfield near the body. Once again, the very good
agreement between medium- and fine-discretization results led us to
adopt the 72,000-cell mesh and 2000 time steps per cycle as the
standard for our production runs. Note, however, that the number of
time steps per cycle was slightly increased above 2000, in accordance

with Eq. (11), for a few particular cases (included in the mapping of
Fig. 11) for which very low frequency or faster airfoil motion yielded
a dominant convective criterion.

IV. Results of the Power-Extraction Performance
A. Efficiency of the Basic Set of Parameters

To identify interesting operating zones, all parameters were
initially kept fixed, except for frequency and pitching amplitude.

This group of fixed parameters constitutes our basic configuration:
NACA 0015 airfoil, Re = U,c/v=1100, H,/c=1, and

Table 2 Results of validation through space and time refinements for an airfoil in power-extraction regime;
NACA 0015; Re = 1100, Hy/c = 1,and x,/c = 1/3

Validation Cells Time steps/cycle Cy Cy Cy n, %
Case 1: f* = 0.14 and 6, = 76.33 deg
Time 72,000 500 2.011 1.882 0.635 33.6
72,000 2000 2.014 1.910 0.646 337
72,000 4000 2.014 1.909 0.645 337
Space 16,000 2000 2.027 1.857 0.612 33.6
72,000 2000 2.014 1.910 0.646 33.7
253,000 4000 2.019 1.942 0.664 339
Case 2: f* = 0.18 and 6, = 60.0deg
Time 72,000 500 0.688 1.254 0.298 11.4
72,000 2000 0.690 1.256 0.299 11.4
72,000 4000 0.690 1.256 0.299 11.4
Space 16,000 2000 0.683 1.262 0.304 11.0
72,000 2000 0.690 1.256 0.299 11.4
253,000 4000 0.692 1.254 0.298 11.5
Case 3: f* = 0.06 and 6, = 60.0 deg
Time 72,000 500 1.264 2.045 0.598 12.3
72,000 2000 1.256 2.030 0.597 12.3
72,000 4000 1.255 2.029 0.597 12.3
Space 16,000 2000 1.251 2.042 0.597 12.0
72,000 2000 1.256 2.030 0.597 12.3
25,300 4000 1.257 2.032 0.594 12.3
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Fig. 10 Pressure-coefficient distribution from the leading edge to the
trailing edge ata)¢/T = 0 and b) ¢/ T = 0.25; corresponding contours of
pressure are also provided (dashed for positive; solid for negative);
NACA 0015; Re =1100, Hy/c =1, f*=0.14, 6, =76.33deg, and
x,/c=1/3.

x,/c=1/3. A mapping of the predicted efficiencies (nearly 50
simulations) in the parametric space (f*, ) is provided in Fig. 1 1 for
the basic set of parameters. Note that the dimensionless frequency is
defined here as f* = fc/Uy.

First, we find that the highest efficiency achieved (1, ~ 34%) is
obtained for high pitching amplitudes (6, ~ 70-80deg) and at
nondimensional frequencies in the range of f* ~ 0.12-0.18. As a
reference, let us recall the theoretical limit of Betz [3] (from actuator
disk theory) at 59%, which should apply to the present oscillating-
wing problem because a cycle-averaged stationary flow concept may
be defined. In any case, efficiencies higher than 30% for a single
oscillating airfoil appear quite encouraging from a practical point of
view for the present turbine concept.

We further note that the best-efficiency cases in Fig. 11 correspond
to operating conditions of roughly f* = 0.15, which yields

Vymax/Uoo = 2TL’f‘”‘IiO/C ~ 1

(maximum heaving velocity, comparable with the freestream
velocity). At the same time, these cases are found to involve effective
angles of attack [see Eq. (3) and the isolines of |a7 4| in Fig. 11]
reaching as high as 35 deg during their cycles. With such large values
of angle of attack, it is no surprise to observe some dynamic-stall

6o [T

sof
70| o, e
sof P T e Lrt——%

40 F
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n (%)
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Fig. 11 Mapping of efficiency 7 in the parametric space (f*, 6,) for a
NACA 0015atRe = 1100, Hy/c = 1,and x, /c = 1/3; simulated cases are
shown with black dots and isoefficiency contours are sketched
approximately.

vortex shedding taking place during the motion. Although boundary-
layer separation leads to unfavorable effects in stationary
aerodynamics, dynamic-stall vortex shedding is found to contribute
toward increased performances. Indeed, LEVS is seen to occur
during the cycles of most of the efficient cases (see Fig. 12). In fact,
one finds that well-timed LEVS, occurring each half-period just
before t ~ 0 and 7/2, is a very important mechanism to maximize
the power-extraction efficiency, as can be illustrated with the help of
Fig. 12.

Case 1 (shown in Fig. 12a) exhibits dynamic-stall vortex shedding
and reaches a mean efficiency of nearly 34%, whereas case 2 (shown
in Fig. 12b), which is at a slightly higher frequency and lower
pitching amplitude, corresponds to a typically smooth aerodynamic
flow with a moderate efficiency of n = 11%. Note that a straight
horizontal line corresponding to the theoretically available power
Cp, was added to the figures as a reference level.

The main feature revealed by Fig. 12 is that case 2 (Fig. 12b),
without LEVS, shows a poor synchronization between the heaving
velocity V, and the vertical force coefficient Cy (i.e., they have
opposite signs at times), causing the total power curve Cp to go
negative in some parts. On the other hand, case 1 (Fig. 12a),
exhibiting dynamic stall, shows good timing in the sign switch of V,,
and Cy, resulting in positive values of total extracted power over
almost all of the cycle. It is clearly the shed vortices and their suction
effect on the airfoil (see pressure contours) that are responsible for
maintaining a negative Y force much closer to the midcycle time at
t/T =0.5.

In this particular case, one notes further that the shedding at each
half-cycle has also a favorable impact on the pitching contribution
Py, which can play a positive role momentarily in the cycle, despite
its small overall mean contribution.

Indeed, one finds in this study that for most cases of interest (and
f* =< 0.16), the heaving contribution P, to the total power extracted
significantly dominates the pitching contribution Py. One may thus
assume P(#) ~ Y (t)V,(t) for most analysis purposes. Consequently,
we find that there are three major aspects affecting the level of power
extracted: 1) synchronization of Y (¢) and V, (¢), 2) magnitude of Y (¢),
and 3) magnitude of V,(¢). Optimal synchronization between the
vertical force and the heaving velocity, such that both are of the same
sign for most of the cycle, is desired to avoid negative power
occurrences. To achieve this good synchronization, well-timed
LEVS appear to be necessary.

When the heaving velocity V,(¢) is proportional to H, and f [see
Eq. (2)], higher frequencies and/or higher heaving amplitudes appear
favorable, whereas vertical force presents a complex dependency on
both maximum effective angle of attack and maximum effective
velocity.

It is clear that increasing the effective velocity [Eq. (4)] by
increasing V, (through H/c and/or f*) leads to increased effective
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effective angle of attack and reduced vertical projection. Indeed, L ]
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(everything else being the same) inevitably moves us toward the 60 -=" ]
feathering limit, as shown in Fig. 13. This ultimately has a
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optimal efficiency in the (f*, 6,) parametric space must exist. w0 F e L g

B. Parametric Study I L7 05
The aerodynamics of oscillating airfoils is a rich and complex 20 - ;s ]

topic, due in part to its inherent unsteadiness, but also due to the A 1

number and wide ranges of its governing parameters, which are s

hereafter classified in three categories: motion, geometrical, and e ‘ n ‘

viscous parameters. 0.00 0.05 0.10 0.15 0.20 0.25
In the following sections, we consider the heaving amplitude f

H,/c, the pitching amplitude 6, and the frequency f* as motion Fig. 13 Feathering curves in (f*, 0,) parametric space for different

parameters. These may be combined to give the maximum effective heaving amplitudes H,/c.
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Table 3 Effect of a larger heaving amplitude; NACA 0015;x,/c =1/3

and Re = 1100
Case 1 Case 2
f*=0.14 0y = 76.3 deg f*=0.18 0y = 60.0deg
Hy/c Cp 1, % Cp %
1.0 0.86 33.7 0.27 114
1.5 0.98 28.5 —0.69 -20.9

angle of attack reached in the airfoil cycle and the maximum effective
velocity and dynamic pressure. The phase difference ¢ between
heaving and pitching motions is also considered to be a motion
parameter, but was not varied in this study. Note, however, that the
constant value ¢ = 90 deg used here was found to be nearly optimal
for power extraction according to the pioneer experiments of
McKinney and DeLaurier [1]. The airfoil geometric shape and the
location of its pitching axis both fall in the geometry-related
category, whereas the two viscous parameters considered here are the
Reynolds number and, eventually, the effects of turbulence.

To gauge the impact and relative importance of the parameters that
were held fixed up to this point (H,, airfoil thickness, x,, and
Reynolds number), several extra simulations were computed, mainly
for the two test cases illustrated in Fig. 12.

1.  Motion Parameters

Through their direct effect on the airfoil inertia (translational and
rotational accelerations), the motion parameters have an expectedly
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strong effect on flow dynamics. The overall impacts of the
parameters f* and 6, were addressed in the previous section. We now
consider varying the heaving amplitude H, for a given (f*,6,),
which affects crucial characteristics such as the maximum angle of
attack experienced by the airfoil [Eq. (5)] and its oscillating velocity
[Eq. (2)]. Furthermore, changing H, also directly affects the size of
the flow window swept by the airfoil (Fig. 1) and therefore the
available power P, through which one defines the efficiency.

Interestingly, we find that although efficiency 7 tends to decrease
with an increase in heaving amplitude (Table 3), it does not
necessarily imply that less power is extracted. Indeed, the data for
case 1 in Table 3 show an increase in the mean power coefficient Cp
but a decrease in efficiency when the heaving amplitude goes from 1
to 1.5 chords. This observation is particularly important to bear in
mind when one is considering practical application of this turbine
concept. One also notes that case 2 exhibits a negative power
coefficient when H/c = 1.5, which can be explained by the fact that
this parametric point now falls too close to its feathering limit (Fig. 13
with Hy/c = 1.5) to achieve a net power extraction in the mean.

In fact, the preceding observations suggest that the maximum
effective angle of attack in the cycle (approximated by |oz/4| here)
might be a more appropriate characterizing parameter than the two
separate amplitude parameters H, and 6,. Indeed, the main flow
characteristics (such as presence and timing of LEVS) are found to be
very similar between cases exhibiting the same frequency and
maximum effective angle of attack, but having quite different
pitching and heaving amplitudes. This is clearly illustrated with the
four cases shown in Fig. 14a, which span heaving amplitudes from 0
to 1.5 chords, but all share the same f* =0.12 and the same

Ho/c=0 Ho/c = 05 Ho/c = 1.0 Ho/c = 15
60 = 23.0° 60 = 44.0° 6= 60.0° 6o= 71.5
/T =0.25
Hole = 1.0 Hoe = 15
c = R c = .
' 60= 60.0° . 60= 715 ‘
‘
d—
Ho/e = 0 Ho/e = 05 -
6= 230 6= 44.0° —1
t/T=0.45 }
a)
20 ——— —— ———
Cy

1.0

0.0

A T - [t N ———— Ho/c = 0.5 ’ i

1.0 /1 Ho/e = 1.0 6o = 600 b
I ! —— - Holc=15 gy= 715 i

: : o Hole=120 6= 1795 i

2.0 L . . . | | . . | | H . | . . . | . . . ]
0.0 0.2 0.4 06 08 1.0

t/T
b)

Fig. 14 Comparison of cases with the same frequency (f* = 0.12) and a similar effective angle of attack (Ja7/4| = 23 deg); NACA 0015;x,/c = 1/3 and
Re = 1100: a) vorticity fields (gray for positive ® and black for negative) at two different times and b) vertical force-coefficient evolutions over one

periodic cycle.



KINSEY AND DUMAS 1327

Table 4 Comparison of cases at different H,/c but same f* and «74;

Table 5 Effect of airfoil thickness; Hy/c =1,x,/c =1/3,

NACA 00155 x,/c = 1/3 and Re = 1100 and Re = 1100
i otz g, deg 6y, deg Hy/c Cr n, % Case 1 Case 2
0.12 23.0 23.0 0.0 ~0 0.8 ff=014  6,=763deg  f*=0.18 §,=60.0deg
0.12 233 44.0 0.5 029 208 = -
NACA , % %
0.12 23.0 60.0 1.0 059 245 Cr . Cr 7
0.12 23.0 715 L5 0.89 263 0002 0.81 318 0.28 11.6
0.12 23.0 79.45 2.0 113 258 0015 0.86 337 0.27 11.4
0020 0.85 333 0.27 11.0

lot7/4] = 23 deg. Moreover, one observes for these cases that
similarity in the occurrence and timing of LEVS has also led to
concordant sign switch in the vertical force coefficient Cy () as well
as to similar amplitudes over the periodic cycle, as corroborated by
Fig. 14b. This latter observation is particularly surprising at first
sight, considering the differences in effective dynamic pressure
( pVZ) between the cases considered.

The vertical force-coefficient evolution thus appears to be
primarily governed by the values of f* and a4, at least in the range
of interest in this study. The differences observed at closer inspection
near t/T = 0and #/T = 0.5 in Fig. 14b are likely due to differences
in instantaneous pitching velocity, €2 being proportional to the
pitching amplitude 6,. Nonetheless, the general match between the
Cy curves presented is quite impressive and is found to hold even for
the case with no heaving at all (only pitching, case Hy/c = 0).

Similarity of Cy curves does not necessarily lead to similar
performances. Values of mean power coefficient Cp and efficiency n
for cases of Fig. 14 are reported in Table 4. Mean values of power
extracted vary, because at constant frequency the heaving velocity
amplitude depends on the heaving amplitude. An increase of the
latter tends to increase the power extracted, because V increases and
P(t) = Y(¢)V,(t). However, because the total power available P,
also increases with H, (through a larger flow window), computed
efficiencies 7 tend toward comparable values for cases with large

enough heaving amplitudes. Note that the first case of Table 4, with
no heaving amplitude at all (pitching only), shows a small power-
extraction result through a net P, contribution [Eq. (9)].

2. Geometry Parameters

To gain some insight into the effect of airfoil thickness,
simulations with two other symmetric airfoils were carried out
keeping all other parameters the same. Airfoils with 2 and 20%
relative thicknesses (NACA 0002 and NACA 0020) were selected
for comparison with our basic airfoil. It was found that the impact on
the level of extracted power (and therefore of efficiency) for our two
test cases was rather weak, as shown in Table 5. Furthermore, for
case 1, which exhibited LEVS when a NACA 0015 was considered,
very little change in instantaneous forces is observed; one continues
to obtain similar LEVS for all three airfoil thicknesses. However, a
more significant change is noticed on the instantaneous forces in
case 2. For the NACA 0015, one had occurrence of dynamic stall
(separated boundary layer over most of the airfoil surface) but
without rolling up of the shear layer and vortex shedding (Fig. 12b).
This is also observed for the NACA 0020 airfoil, but not for the very
thin NACA 0002. The smaller leading-edge radius of the NACA
0002 airfoil is seen to trigger LEVS (see Fig. 15a) with a partial
reattachment at the trailing edge. Extrema in the resulting vertical

NACA 0015

NACA 0002 ‘

NACA 0020

9

/T = 0.45
a)
2.0 T T T T T T T T T T T T T T T T T T
Cy |
10 + =
00 | -
NACA 0002
L A NN A — — — - NACA 0015 ]
—--—--= NACA 0020 1
2.0 L L L L 1 L L L 1 L L 1 L L L 1 L L L ]
0.0 0.2 04 06 0.8 10
t/T
b)

Fig. 15 Comparison of cases with different airfoil thicknesses; Re = 1100, * = 0.18, 6, = 60.0deg, H,/c = 1,and x,, /c = 1/3: a) vorticity fields (gray
for positive w and black for negative) at¢/T = 0.45 and b) vertical force-coefficient evolutions over one periodic cycle (shaded zones contribute negatively

to power extraction).
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Fig. 16 Comparison of cases with different positions of the pitching center; NACA 0015; Re = 1100, f* = 0.14, 6, = 76.3deg, and H,/c = 1:
a) vorticity fields (gray for positive » and black for negative) at /T = 1 and b) vertical force-coefficient evolutions over one periodic cycle.

force amplitude are thus increased, as shown in Fig. 15b. However, in
the mean, the power extracted and the corresponding efficiency are
quite similar for the three airfoils. We conclude here that efficiency is
mostly insensitive to the details of the geometry, except for cases at
the threshold of dynamic stall with no vortex shedding.

The preceding observations suggest that the aerodynamics at play
here are very much inertial and are primarily governed by the forced
large-amplitude oscillation. Although dynamic stall, and thus
boundary-layer separation, was shown to play an important role in
some cases, the precise location of flow separation along the airfoil is
apparently not so critical for the cases considered here.

Let us now consider the second geometry parameter: namely, the
location of the pitching axis. Changing the position of the pitching
center along the chord of the airfoil directly modifies the
instantaneous local acceleration of the body surface, leading to
modified vorticity fluxes at the wall. This is an important aspect of
these flows that is likely to alter the timing of vortex shedding for
cases experiencing deep dynamic stall.

A comparison of our high-efficiency case (case 1) for three
different pitching-center locations is shown in Fig. 16. From the
instantaneous vorticity fields at #/T = 1, one sees that although
vortex shedding occurs for each case, vortices will be shed earlier for
a pitching center closer to the leading edge. Obviously, the timing of
shedding may significantly affect the synchronization of vertical
force and heaving velocity (sign switch). Indeed, for a pitching center
at midchord, vortices are shed a bit late, resulting in a late sign switch
of its vertical force coefficient relative to the heaving velocity (see
Fig. 16b).

Table 6 Effect of pitching-center location; NACA 0015; H,/c =1

and Re = 1100
Case 1 Case 2
f*=0.14 0y = 76.3 deg f*=0.18 0y = 60.0deg
x,/c Cr n, % Cp n, %
1/4 0.89 33.1 0.23 9.3
1/3 0.86 33.7 0.27 11.4
1/2 0.69 29.4 0.24 10.7

Moreover, one notes that changing the pitching-center location
has a deeper impact on force evolutions than does a mere time shift,
because force amplitudes are also being affected. For practical
reasons, we limited ourselves to pitching-axis locations from quarter-
to midchord here. Nonetheless, 20% variations in resulting mean
power coefficients and efficiencies are observed independently of the
occurrence of vortex shedding, as presented in Table 6. Note that the
total flow window swept by the airfoil is also slightly affected by the
changes in x,,. The third-chord choice, x, /¢ = 1/3, appears thus far
to be a reasonable choice, from the present data.

Even though the pitching-center location does not appear in the
expressions for pitching and heaving velocities [Egs. (1) and (2)], its
precise location has a direct influence on surface velocity
distributions around the airfoil, thus profoundly affecting wall
vorticity fluxes and boundary-layer states. Effects of pitching-axis
location are therefore considered important, but still remain intricate.

3. Viscosity Parameters

Finally, the effect of viscosity was addressed in this investigation
by simulating our two test cases with a smaller (500) and a larger
(2400) Reynolds number, assuming laminar-flow conditions. We
found that efficiency tends to increase slightly with Reynolds
number, as shown in Table 7. Reduced viscous diffusion tends to
yield thinner effective bodies and larger force coefficients, in good
accordance with usual observations in stationary aerodynamics.

Table 7 Effect of Re number; NACA 0015; Hy/c =1and x,/c =1/3

Case 1 Case 2
f*=0.14 0y = 76.3 deg f*=0.18 0, = 60.0deg
Re Cp n, % Cp n, %
500 0.84 32.7 0.24 9.8
1100 0.86 33.7 0.27 11.4
2400 0.92 35.9 0.29 11.9
10,0000 0.93 36.4 0.32 13.5

“Mesh contains 79,000 cells.
"URANS Spalart—Allmaras model; mesh contains 154,000 cells.
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To get a preliminary glimpse into the effect of turbulence, we
simulated our two test cases at a moderate Reynolds number of
Re =10, 000 using the unsteady Reynolds-averaged Navier—Stokes
(URANS) approach based on the Spalart—Allmaras model.

Because attached boundary layers are expected to remain laminar
at that Reynolds number, it is mainly the effect of the turbulent
diffusion in the near wake that is of interest here. Again, we find that
efficiency tends to increase slightly for both cases (Table 7).
Comparisons of Fig. 17 at Re = 10, 000 with Fig. 12 at Re = 1100
indicate no major qualitative changes in the cycles of power
extraction, except for slightly amplified extrema associated with
amplified force coefficients. Attached boundary layers are indeed
thinner at the higher Reynolds numbers, whereas separated vorticity
layers and vortices are somewhat more diffused under the action of
turbulent effective viscosity. In particular, the suction effect of the
two shed vortices of case 1 in Fig. 12a is slightly reduced, due to the
smearing and fusion of the shed vortices in the corresponding
URANS simulation. For case 2, the pressure field suggests that

boundary-layer reattachment is taking place somewhat earlier on the
bottom surface of the airfoil, in which increased mixing is produced
by turbulence generated in the so-called separation bubble.

V. Conclusions

The present investigation of the power-extraction potential of
oscillating airfoils has shown that under laminar 2-D flow conditions,
asingle airfoil that is both pitching and heaving can reach efficiencies
as high as about 35%. For a heaving amplitude of one chord, these
high efficiencies are observed for reduced frequency f* ~ 0.15 and
high pitching amplitude 6, ~ 75deg. Under such conditions,
maximum effective angles of attack in the cycles reach about 35 deg
and dynamic stall occurs. It is shown that leading-edge vortex
shedding is actually an important mechanism by which a good
synchronization between the vertical force and the heaving velocity
is achieved, thus yielding positive power extraction over most of the
periodic cycle.
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Our current parametric study has shown that the physics of such
oscillating airfoils is mostly inertial, due to the large amplitude of the
imposed motion. Motion parameters such as frequency, maximum
effective angle of attack, and heaving amplitude primarily govern the
predicted performances. Geometry parameters and viscous
parameters do not have as much impact. The present results suggest
that a pitching center at the third chord appears to be a reasonable
choice and that airfoil performance in power extraction slightly
increases with Reynolds number. Although the simulations
performed in this study are two-dimensional and involve low-
Reynolds-number flows, it is expected that the trends observed in this
study and the relative impact of the parameters involved remain valid
at higher Reynolds numbers, even though quantitative values may
change due to thinner, more energetic, boundary layers and
turbulence effects.

Future investigations should provide experimental measurements
to help ascertain the impact of three-dimensionality and turbulence
effects.
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