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Flow around a Wingmill device for energy extraction
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The dynamics of a closed loop self controlled underwater oscillating foil device for energy extraction (a wingmill) is studied through nu-
merical simulations. The viscous two and three dimensional flow around the foil was computed using OpenFOAM and a Lattice-Boltzmann
Equation model, respectively. Heaving is driven by the computed hydrodynamic lift and a damper, that extracts energy, while pitching is
driven by the hydrodynamic torque and a feedback control torque that leads the foil to a given angle of attack. Unlike most of the related
work found in the literature, the heaving and pitching motion of the foil is not prescribed. Dimensional analysis suggests a compromise
between the generator and control gain, and so a parametric study was carried out. The effect of the three dimensional finite wingspar
on the performance of the device and the flow is compared with the two dimensional case. This fully coupled fluid-solid-body interaction
configuration will allow for the system identification, control and optimization of energy harvesting devices in future studies.
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1. Introduction trary, ground effects and shear flows tend to increase effi-
ciency [10, 11]. In any case, both three dimensional and

The idea of using oscillating foils immersed in a streamground effects have been studied imposing the foil kinemat-

(called wingmills) for the purpose of harvesting energy datedcs. The problem is that it has been observed that restrictions

arguably from the nineteen seventies [1]. The device on th# the motion of pitching foils can produce hydrodynamic

seminal work of Mckinney and DeLaurier [1] consisted of a forces an order of magnitude larger than those observed once

wing of uniform profile that could rotate to adjust the angle restrictions are removed [12] and this can lead to over esti-

of attack and produce an oscillating heaving motion driven bymations of the performance.

the lift exerted by the flow. The energy was extracted fromthe Here we study the performance of a two dimensional as

heaving motion. Although the reported efficiency was com-well as a finite wingspan (three dimensional) wingmill, with

parable to that of conventional turbines, the device remaineflo imposed kinematics. The foil motion is driven by hydro-

in the shadows until not so long ago [2]. dynamic forces and torques, a damper extracting energy from
W|ngm|||s present some advantages with respect to Coni.ts vertical mOtion, and a feedback actuator fO”OWing a sim-

ventional rotating configurations. The motion of the foil is Ple control law that applies a torque in order to set an angle

more uniform and slower than those on turbines, so marin@f attack to increase lift and flip the foil to produce an oscil-

life would have less probability of harm when swimming latory heaving motion.

close to the device [3,4]. Wingmill foils are also subject to

weaker and more uniform stresses in comparison with those

in turbines that are also twisted by the flow. Additionally,

wingmills can operate in shallow near-shore waters and aré- Problem statement

an appealing option for small-scale devices to extract energy

from tidal currents for coastal communities [5]. The system consists of a NACA0015 airfoil of spamand

Some prototypes have being developed motivated by thehordcimmersed in a uniform flow with viscosity and den-
high efficiency possibilities and other potential advantage$ity » and upstream velocityy. For simplicity, the foil mass
[6,7]. Several numerical and experimental investigations caf€nsity is taken to be that of the fluid surrounding it. The
be found in the literature, many of them were reviewed byf0il can move vertically and rotate around its center of mass,
Young et al. [2] and Xiao and Zhu [8]. To the best of our Placed ab.25¢ from the leading edge, which corresponds to
knowledge, there are no reported implementations of feedh® center of mass of the foil of uniform density. Figure 1
back control of oscillating foils, where the fluid-solid-body Shows across sectional diagram of the system, where the gen-
interaction is taken into account for energy harvesting pur€rator (the damper) is included.
poses. On the other hand, the three dimensional case has In order to compute the hydrodynamic forces on the fail,
received little attention and shows a lower efficiency thanNavier-Stokes equations for an incompressible flow have to
that predicted by two dimensional devices [9]. On the con-be solved, these are
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FIGURE 1. Diagram of the cross sectional view of the wingmill
system.
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whereu(x, t) andp(x, t) are the fluid velocity and pressure

fields in the Eulerian description, respectively, dndDt =

0/0t+wu-V is the lagrangian time derivative. No-slip bound-

condition is chosen as the target ¢ ;(¢). Since the foil is
moving vertically with speed, the estimate of the reference
angle mustinclude a correction due to the foil motion relative
to the upstream flow [13], this is given by

Orep(t) =00 + arctan(i) . @)

This dynamic reference angle will provide a feedback loop
for the controller. In order to produce a heaving motion the
control will change the sign df,.; wheneverZ(t) goes be-
low z = —hg or beyondz = hg. This produces a change in
sign of the termie that makes the foil turn around and start
moving in the opposite direction, which results in an oscillat-
ing heaving motion of an amplitude of abdit,.

Scaling the problem witl/, p andc, one finds a number
of dimensional parameters that determine the solution. The
main ones are

m J b
H = H =
2 3 pC2U7

pc®’
K

and Iy = ——.
* pU?c3

ary conditions oru must be imposed on the foil surface, and These are the Reynolds numbe, two inertia numbersl,

a uniform floww = Ue, is set far upstream. The hydrody- and I,

namic vertical forceF, (the lift on the foil) and horizontal

a dimensionless damping coefficidig and a di-
mensionless control gaii,. Additionally, the parameteft;,

torqueT,, are computed through surface integrals of the fluid, 4 the length ratios/c andh /c must be specified.

stress tensar (x,t) = —pZ + (1/2)u(Vu + VuT),
3)

1) = [(@-X)x (@ s, @)
S
whereX is the position of the center of mags, andé, are
unit vectors in the: andy directions, respectivelyS repre-
sents the foil surface} the unit vector normal t& pointing
to the fluid andZ the unit tensor.
The foil center of mass heaving motidf(¢), and pitch-

The resulting heaving motion of a certain frequeriagan
be used to compute a Strouhal numbeér= fc/U. Addi-
tionally, the cycle average powét extracted by the damper
or wasted by the control torque, is used to compute the effi-
ciencies) = 2P/(pU3hgs).

3. The numerical schemes

For the two dimensional simulations (2D) the open source
CFD software OpenFOAM was used [14]. It solves non
steady Navier-Stokes equation through a second order Fi-

ing motiond(t) (see Fig. 1) are obtained through Newton’s nite Volume Method named PIMPLE [15]. It also includes

equations of motion.

mZ =bZ + F,, (5)

(6)

wherem is the foil mass and’ its moment of inertial with
respect to the rotation axis that points in theirection that
passes through the center of mass. The paraméatethe

J0=Ke+T,,

modules for solid-body interactions, moving surface fitting
meshes, and mesh refinement [16]. In order to implement the
feedback control loop, some modifications had to be carried
out into the original (open source) code.

The module SixDOF was used to couple the fluid flow
with the foil through the computation of hydrodynamic forces
and torques and the solution of Newton’s equations (5) and
(6) [17]. The method for mesh deformation uses a diffusion
equation with a variable coefficient to determine the nodes

damping constant and the torque applied by the control is thenotion while fitting the foil boundary at all times. The mesh
term Ke, the errore(t) = 6,.; — 6 times the gaink’. The is composed of several regions with different levels of re-
control torque will try to rotate the foil to attain an angle of finement. The highest level of refinement is a small region
attack given by the reference andlge.;(¢), and reduce the surrounding the surface of the airfoil, as shown in Fig. 2. Itis
errore. The reference angle is changes to increase the liftontained in a larger deformable mesh, that can deform con-
F’, based on the behavior of a static NACA0015 foil. An an-tinuously while complying with the solid body motion of the
gle 6, close but below the angle of maximum lift under static internal mesh. This deformable mesh is circular and is itself
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lent flows of Re = 103. Figure 3 shows snapshots of the
vorticity behind the foil for 2D simulation of three different
L values ofhy.
||| Mesh deformation area For the three dimensional simulations (3D) a Lattice-
' Boltzmann Equation model for fifteen neighbors (known as
a D3Q15 algorithm) was coded. The LBE method computes
approximate solutions to the flow around the foil, Egs. (1)
and (2) foru andp. In LBE, the BGK approximation of
the Boltzmann equation, from kinetic theory, is solved to ob-
tain the distribution function in phase space of the fluid sys-
tem [19]. Discretized statistical moments of the distribution
functions are related to the andp fields. Condition on the
distribution function can be imposed to fulfill no-slip bound-
ary conditions oru on curved boundaries [19]. These condi-
tions can be extended to arbitrary surfaces [20]. Additionally,
surface forces exerted on solid boundaries can be computed
directly from the distribution functions [21], and used to com-
FI(.BUREZ.. An example of a mesh used for twg dimerjsiopal simu- pute forces and torques, Egs. (3) and (4). To move the foil
lations with OpenFQAM. Thg mesh Qeformatlon region is shpwn, immersed in the square lattice, a &Btrer-Verlet method is
?;C\évell as a close view showing the finest mesh fitting the foil sur- used to solve Egs. (5) and (6). The present scheme is an
' extension to three dimensions of the algorithm used in [12].
contained in a rectangular region called the refinement box! his numerical scheme is explicit and very efficient when im-
which lies inside the principal mesh, which follows with de- Plémented to run in parallel architectures.
creasing refinement until the domain boundaries are reached. The flow domainis a rectangular region of lengths L,
The main disadvantage of this scheme is that large deform@ndL:. Atz = O the velocity field is prescribed as= Ueé,,
tions of the mesh can cause numerical problems (largely devhile a zero velocity gradient condition is imposed:at L,
formed cells). This limits the final displacement of the airfoil. &S well as ay = 0, L,,. Periodic boundary conditions are ap-
Additionally, the rotation of the body is limited to approx- Plied inthe vertical boundaries= 0, L.. The wing center of
imately 90 degrees. In spite of these limitations, this setupnass is initially placed atL, L, /2, L. /2), and in horizontal
allowed for the simulation of the wingmill and the control POsition ¢ = 0). Starting form an initialu = Ue, every-
scheme. Figure 2 shows the aforementioned regions and ti¢ghere and a uniform field, the numerical simulation is run
dimensions of the mesh. Each mesh refinement step dividétil a steady flow is obtained, before letting the foil perform
the mesh cell width and height by two. All the simulations Pitching and heaving motions according to (3) and (4).
had a minimum mesh width such as to fit at least four mesh  All 3D computations presented in this work correspond
cells inside the boundary layer near the airfoil surface. to Re = 500 and L = 1.5¢, where the length of the chord
Under idealized conditions, the boundary layer transitionis of 100 lattice nodes. The computational domain size varies
to turbulence for flows around thin airfoils occurs at Reynoldsfrom L, = 4.8c to 6¢, L, = 1.6c t0 3.2¢c, andL, = 2.8¢
numbers in the rangg x 10* < Re < 2 x 10° [18]. Two 10 3.2c. This corresponds to lattices with a number of nodes

dimensional simulation shown here correspond to non turbuof the order ofl0”. All computations where performed on a

y/c

FIGURE 3. Vorticity fields. a)’¢ = 2.5 andB = 0.4. b)22 = 1.25 andB = 0.4. ¢)22 = 3.75 andB = 0.2.
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FIGURE 4. Vorticity of the flow around the 3D wingmill foB = 0.857, ho = 1.5¢ ands = ¢. They component at the top row and a surface

of constant vorticity magnitude at the bottom row. Columns correspond to a sequence of times around the change of direction imposed by

the control wherZ = L. /2 — ho.

Nvidia Tesla K40 GPU, and typically took a couple of days toand B = 0.375. Presented at the bottom panel is the heaving
perform10° time steps, corresponding to a number of heav-motion Z (in arbitrary units) during a couple of oscillations
ing oscillations between 5 and 10. Figure 4 shows an examplalong time (in arbitrary units). At the top, the evolution in
of the 3D simulations. At the top, the out of the plane compo-adians of the reference angle (7) (dashed line) and the an-
nent of vorticity is shown for a sequence of three times, andjle of attackd(t) (continuous line) during these oscillations
at the bottom a surface of constant vorticity is shown for theis shown. Notice tha#,.; changes sing just before the foil
respective times. The implemented periodic boundary condireaches its maximum (minimum) height, in order to make the
tions can be observed in the figure.
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4. Results °r 1

B <
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The instantaneous power extracted by the dampleis As
the parametdr; is increased so doésbut the generator (the 03
damper) becomes stiffer and the average magnitude of th s **
heaving speed decreases. Therefore the power extractec |
will show a maximum at some value Mg. Add|t|0na"y, 230 232 234 236 238 240 22 244 26 248 250
the power wasted by the control to adjust the angle of attacl . . :
(to increase lift and consequently increase the magnitude Co
Z) and to flip the foil iskef. Hence Il will have an im- N .
pact on the overall efficiency similar to that Bf. In view

T T T T
Controller Power Comsumption
Extracted Power

I L ! L ! L ! L !
230 232 234 236 238 240 242 244 246 248 250

of preliminary results we chose to present results in term: t
of a parameteB3 = Il /Ily = bUc/K, that combines both g yre 5. 2D simulations forio /c = 2.5 and B = 0.375. The
effects. vertical position of the foil vs time is shown at the bottom. At the

Figure 5 shows the observed heaving motion, power anehiddle, the power of the control and the damper are shown. At the
angles for the 2D simulations correspondingity'c = 2.5 top, 8 andd,..; are shown.
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FIGURE 6. 3D simulations fotho/c = 1.5 and B = 0.857 and M;%ﬂ%ﬂﬂ‘"ﬂ--
s = c. The vertical position of the foil vs time is shown at the 0.010F é*: s T
bottom. At the middle, the power of the control and the damper are ,0’ o
shown. At the top§ andd...s are shown. 0.005+ O/
I’
. . ) . 0'008 o L L 1 L 1
control torque flip the foil and oscillate. In between these im- b) 0 0.5 1.0 5 1.5 20 25

posed changes of sigh,.; follows Eq. (7) reacting to the

angle of attackd(t), which is simultaneously driven by the Figure 7. Efficiencyn for different values ofB. a) data for 2D
control acting torque to follow,. s (Eq. (6)). simulations ate = 1000 and for three values df, are presented.

The graph at the middle of Fig. 5 shows the evolution inb) Results for 3D simulations de = 500 are shown for a series
time, in arbitrary units, of the power consumed by the control®! Va!ues 0flls, i = 5cands = ¢, except from the diamond plot

h = 2c.
torque and the power extracted by the damper. It can be seen’c s = ¢

that the control wastes a large amount of power when flipping;ince it imits the velocity and power that can be extracted us-
the foil, but after that its contribution is negligible gjets 4 oscillating foils whose motion is constrained to a single
close tod,.;. As the angle of attack increases to reégly, axis.
lift increases and the foil moves faster, improving the power  gimilar to Fig. 5, 6 shows the observed behavior of the
generated by the device. Notice that the net power (in thigp simulations forhg/c = 1.5 and B = 0.857 ands = c.
case the power of the damper) has a maximum in betweefihe graph in the bottom shows the vertical, heaving, position
the changes of sign df..;. This observed behavior was ei- ergys the dimensionless time for a couple of oscillations.
ther accompanied by detachment of the boundary layer andere 45 well, the wing moves uniformly in between turns dur-
dynamic stall (see Fig. 3c)) or the result of the projection ofig the heaving motion and does not shed vortices, only wing
the lift on the heaving direction. Unlike the example pre- iy yortices appear (see Fig. 4a)). If the wing moves faster,
sented in Fig. 5, heaving motion in the presence of dynamigy,ndary layer instabilities occur and vortices are shed. This
stall is not uniform in between changes of signfofy and 4 als0 happen i increases, as instabilities need time to
inflexion points appear. develop, or if we use a wider wing (an increase)pés trans-
Returning to the mentioned projection of the lift, the ref- verse instabilities appear (a 3D effect). Again, shedding a
erence angle was chosen such as to have maximum statiortex produces small oscillation in the angle of attdend
lift taking into account the changing motion relative to the reduces lift and energy extraction. The graph on top in Fig. 6
upstream flow (see Eq. (7)). This change of referenceshows the time evolution d@f andd,..; similar to that shown
causes this maximum lift to be projected onto thexis in Fig. 5(top). Curves are less noisy than those observed in
(to obtain F,), and so includes a factor ebs(A6), where  the 2D case, this is due to the more unstable flow simulated
A# = arctan(Z/U). This causes the lift to decrease when-in 2D (Re = 500 in 3D). In the middle the power coefficient
ever the heaving speed becomes comparatle When this  C,, the power divided by1/2)pU?sc, of the control action
happens, the maximum of the power extracted coincides withind the damper are shown to follow similar trends to those
that of cos(Ad). The correlation is clear whejyU ~ 1, as  presented in 2D.
cos(Af) ~ 1 — (Z/U)? and the power extracted from the The device efficiency) for a set of parameter values con
damping is proportional t&2. An important consideration  be found in Fig. 7, for both 2D and 3D simulations. The
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graph at the top show the dependence oin B for the 2D  mensions. The variation of the net power cycle average on
case and different values bf andRe = 1000. Although not  the parameteB (the dimensionless ratio between the damp-
far from each other, the values Bfwheren is maximum for  ing coefficient and the control gain) has a maximum around
a givenh, do not coincide. Additionally, a&, increases the the value of one for all numerical simulations performed so
maximums appears to increase and then decay, presumablfar. Scaling arguments to defirie¢ should be refined to ex-
because for large values o there is more time for instabili- plain the difference between the maximum values of the net
ties to develop and reduce efficiency. The graph at the bottorpower average.

corresponds to the 3D casBe = 500, hg = 5 ands = ¢ Ground effects and the contribution from turbulence
(except the data plotted with diamonds where- 2c). The  models are currently under study and will be reported else-
plots correspond to different valuesidf (the dimensionless where. We believe our scheme will allow the study of more
gain K), so B changes through the change in the dimensionelaborated control strategies and the search for optimal per-
less damping coefficientl;. Results show that maximum formance, which may help in the development of real wing-
efficiency for a giverhy does not depend only on the param- mill devices.

eter B. Results suggest also that foils with a larger wingspan  The cases of foils with densities different from that of the

are more efficient. surrounding fluid deserve to be studied. Variable foil densi-
ties can be easily included in our codes, and numerical studies
5. Conclusions will be performed in the near future. Based on studies of vor-

tex induced vibrations (VIV) on cylindrical geometries with-

Fully coupled CFD-solid-body interaction schemes using aut control schemes (see [22], for a review), we believe that
closed loop feedback control on an oscillating foil for cur- the wingmill response to density variations can not be antic-
rent energy extraction (a wingmill device) were implementedipated from the results in the present study. We expect com-
to study flow and performance. OpenFOAM and a Latticeplex fluid-structure interactions, of the sort observed in the
Boltzmann equation method were used for 2D and 3D sim¥VIV context. The observed critical mass for the appearance
ulations respectively. A proportional control law to follow of large-amplitude vibrations, the existence of a “lock-in” re-
a reference angle of attack based on the static airfoil chagion and the abnormal synchronization frequencies observed
acteristic curves was tested in order to attain maximum liftin the VIV context, suggest that the fluid-structure interaction
and improve performance. Foil kinematics was not imposedwithin the wingmill device may share similar features.
and was driven by hydrodynamic forces and torques, and by
the control torque, which represents an improvement with re-
spect to previous studies. Acknowledgements
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