Flow Separation Control on a NACA0012 Airfoil via a Porous, Compliant Coating

D. Venkataraman and A. Bottaro

DICAT, University of Genoa, 16145 Genoa, Italy

Abstract— The purpose of this paper is to study the effect of
a porous, compliant, anisotropic coating on the fluid-
dynamical performance of a NACAO0012 airfoil, under
conditions of boundary-layer separation. This fluid-structure
interaction problem is studied computationally in two
dimensions by performing a detailed parametric study of the
coating, with respect to its physical dimensions, characteristics
and placement on the airfoil. Aerodynamic performances are
quantified in terms of the non-dimensional mean drag and lift
coefficients. The configuration described here is a separated
flow at Re = 1100 and a = 70°. Coating parameters are found
which decrease the amplitude of the drag oscillations by about
11% and increase the mean lift by about 9%.

Keywords—  Fluid-structure interaction, flow-compliant
feathers, weakly-coupled partitioned solver, immersed
boundaries method, homogenized approach.

I. INTRODUCTION

Optimization of flight performance has been an active re-
search area for a number of years now — be it in terms of
increasing the mean lift or optimization of fuel use achieved
by decreasing the drag. Apart from its immediate implica-
tions in the commercial arena, these goals are also sought
while designing unmanned aerial vehicles (UAVs), and mi-
cro aerial vehicles (MAVs), which are used for a variety of
civil and military operations.

In this research, to achieve the goal of enhancing aerody-
namic performances, inspiration is taken from bird and in-
sect flight. Birds, typically during the gliding and landing
phases, increase the surface area of their wings by means of
“morphing” or shape optimization — both passive and ac-
tive. Passive flow separation control is realized here by
means of the “pop-up” of flow-compliant feathers on the
wings, which can passively adapt to the flow [1,2]. This
deformable layer is capable of storing and then releasing
energy in the boundary layer, according to the instantaneous
fluid flow. Consequently, this affects the vortex shedding
and explains the efficient flight of birds under conditions of
high angles of attack or in gusty winds. Passive shape adap-
tation of the fluid-dynamic configuration has the added
commercial advantage of not requiring any additional en-
ergy input to achieve the objective of high lift or low drag.

The present fluid-structure interaction problem is solved
computationally in two dimensions with a partitioned

approach, by dividing the computational domain into three
parts — the airfoil, the porous layer of “pop-up feathers” and
the fluid. Instead of using a body-fitted dynamic mesh, a
stationary Cartesian mesh — fine near the airfoil and sparse
far away from it, is used (which consequently saves compu-
tational cost) by employing the immersed boundary method
[3]. Besides being porous to fluid flow, the coating is also
anisotropic and compliant. These properties realistically
model birds’ feathers, by accounting for the ability of the
fluid to be oriented along a particular direction as it enters
the layer as well as the ability of the layer to deform accord-
ing to the local flow. Further, this continuum of feathers is
approximated homogeneously by a discrete number of ref-
erence feathers, each of these being surrounded by a control
volume of given porosity. Beginning with an initial condi-
tion for the fluid variables and the reference feathers, the
computation is done in an iterative loop as follows:

1. The Navier-Stokes equations with forcing are solved by
DNS using the immersed boundaries method.

2. Fluid to structure forcing is computed, with the solution
of the fluid variables obtained in the previous step.

3. A non-linear equation (which governs the structures’
dynamics) with forcing from the last step is solved for
each reference feather.

4. Structure to fluid forcing is computed.

Between each of the steps of the partitioned solver given
above, weak coupling is assumed. Some details of these
steps are outlined in section II.

II. NUMERICAL METHOD

The fluid velocity and pressure are initialized to the free-
stream velocity and zero, respectively. The initial configu-
ration of the reference feathers is initialized to the equilib-
rium angle about which each of these oscillate while their
velocities are initialized to zero. Control volumes are de-
fined symmetrically about each of these reference feathers.
A non-dimensional variable called packing density ¢ is in-
troduced, which gives the ratio of volume occupied by the
feathers to the total volume. This parameter captures the
non-homogeneous nature of the dense coating, approxi-
mated by a discrete number of feathers. Then the following
loop is executed in time.
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Fluid Solver: The direct numerical simulation of the un-
steady incompressible Navier-Stokes equations is per-
formed, using the feedback forcing formulation of the im-
mersed boundaries method [3]. A buffer zone is introduced
at the end of the computational domain to damp the un-
steady structures in the wake of the airfoil, before they
reach the end of the domain. To account for the presence of
these immersed boundaries (airfoil and buffer zone) and the
forcing from the structure onto the fluid, the Navier-Stokes
equation has a volume force term F given (as in [4]) by:

F= F*4+F%4F"® (1)

where F® and F” are respectively the immersed boundary
forces due to the airfoil and the buffer zone, which respec-
tively force the velocity on the airfoil and buffer boundaries

to converge to zero and to the free-stream velocity. F s
the force due to the feathers on the fluid (initialized to zero
in the first time step). The Navier-Stokes equations are
solved, using staggered flow variables, by a predictor-
corrector scheme, with an explicit Adams-Bashforth scheme
for the convective part, a semi-implicit Crank-Nicolson
scheme for the viscous part and a conjugate gradient algo-
rithm for the resolution of the Poisson pressure equation.

Fluid to Structure Forcing: The normal component of the

forcing from the fluid onto the structure F ﬂ is computed,
by Koch & Ladd's formulation [5], while the tangential

component F B is derived using a Stokes approximation [4].

The total force F ff_, for each grid point with index (i,j) is
transferred to each reference feather, by first integrating it
over the control volume surrounding it. The force on each

reference feather is now denoted by F E, where £ is the in-
dex of a generic reference control element.

Structure Solver: The dynamics of each reference feather,
each of which is modeled as a rigid beam oscillating about
an equilibrium angle, is governed by the effects of inertia,
rigidity, interaction and losses, out of which the effect of
rigidity is taken predominant. The angular displacement ¢
for each reference feather is solved by a non-linear equa-
tion, given in non-dimensional form (as in [4]) by:

E' + l”a + f.‘lfﬁ +ﬁ'fz{5:!= Haxruzl 2)

using explicit 4-step Runge-Kutta method. Here, y is the

ratio between the frequencies corresponding to the losses
and rigidity effects, x is the square of the ratio between the

frequencies corresponding to the interaction and rigidity ef-
fects, fyand f; are non-linear functions modeling the
moments of rigidity and interaction respectively, and
{4 1s the fluid to structure momentum forcing on a ref-
erence feather (made non-dimensional by a rigidity term).
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Structure to Fluid Forcing: The positions and velocities of
the control volumes are interpolated from those of the refer-
ence feather that each of them surrounds, using the packing
density . The normal and tangential components of the
forcing onto the fluid are computed as done before in the
fluid to structure forcing step.

During each iteration, the instantaneous non-dimensional
drag and lift coefficients are calculated and the final aero-
dynamic performance is quantified by the time-averaged
drag and lift coefficients.

ITII. Resurrs

The case of the NACAO0012 airfoil without the compliant
coating is first considered. Simulations are done for differ-
ent angles of attack of the airfoil, varying from 0° to 90°, for
a chord-based Reynolds number equal to 1100. A steady
drop in the lift coefficient is observed after an angle of 48°,
as also illustrated in the paper by Soueid et al. [6].

To illustrate the results in the after-stall regime, we focus
on an angle of attack equal to 70°. The lift and drag coeffi-
cients, for the airfoil without and with control elements, are
plotted as functions of time in Fig. 1. Time is rendered di-
mensionless with the free stream speed and the chord
length. In the case without control, two distinct frequencies
in the spectrum — a large one (equal to 1.204) and a small
one (equal to 0.147) — are observed in both the signals. In
Fig.2, color plots of the pressure field near the airfoil (in the
cases without and with control) at four different time in-
stants within a period of the time signals, are shown.

To achieve optimal fluid-dynamical performance, we try
to synchronize the time scales of the fluid and the structure.
Since the frequency scale of rigidity is predominant over the
other two frequency scales of interaction and losses, the
goal is to identify the “right” coefficient of rigidity of the
control elements. This is accomplished by testing different
coatings with characteristic rigidity frequencies varying be-
tween the high and low frequencies of the case without con-
trol, referred to above.

In accordance with the linear stability analysis of equa-
tion (2) carried out by Favier et al [4], to achieve asymptotic
stability of the fluid-structure system, a small value of y
(equal to 0.05) is chosen. This fixes the value of the dissi-
pation parameter of the control, corresponding to each
modulus of rigidity to be tested. The interaction parameter
for all the cases is chosen to satisfy the constraint:

-

akp 4 ly S 3)

where @, @), and d; are the characteristic structural fre-
quencies due to rigidity, interaction and dissipation effects,
respectively.
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For the present study, the placement of the coating and
the packing density are fixed. In particular, the coating oc-
cupies about 70% of the area of the airfoil suction side, a
little away from the leading edge, and the packing density ¢
is chosen equal to 0.0085; Furthermore, the initial (“equilib-

Lift coefiicient
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rium”) position of the reference feathers is parallel to the
free-stream. For a characteristic rigidity frequency equal to
0.477, there is an increase in the mean lift by 9.33% and a
decrease in the fluctuations of the drag coefficient by
10.75% (whereas the mean drag remains roughly constant).

Drag coefiicient

Dimengionless time

Fig. 1 Aerodynamic coefficients for smooth airfoil (solid lines) and airfoil with coating (dashed lines). The figure on the top shows the lift coefficient while
the figure on the bottom shows the drag coefficient, both as functions of dimensionless time

Fig. 2 Plots of pressure field near the airfoil for the case without control (top) and with control (bottom) at four instants of time (marked by vertical dashed
lines in Fig. 1) chosen roughly within a period of oscillation of the lift and drag signals in the uncontrolled case
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IV. PHYSICAL INTERPRETATION

By comparing the time signals of the drag and lift coeffi-
cients for a smooth airfoil and one with control (as shown in
Fig.1), it can be seen that the dynamics in the presence of the
coating retains the low frequency component present in the
signals. This phenomenon can be attributed to a “lock-in”
effect in which the coating synchronizes onto a frequency
close to the natural frequency of the fluid system [7].

The effect of the control elements appears on the pres-
sure and velocity fields. By observing the pressure field
near the airfoil (as shown in Fig.2), it is found that the pres-
sure on the suction side of the airfoil with the compliant
coating is larger as compared to the uncontrolled case. This
results in enhanced lift and reduced drag fluctuations.

Further, the control elements are responsible for the crea-
tion of smaller coherent vortices behind the airfoil, which are,
on the average, further away from the suction side and less
intense, as opposed to a smooth airfoil case. It can also be ob-
served from inspection of the velocity field (not shown here)
that the coating produces a layer of low-velocity fluid on the
suction side which opposes separation, instant-by-instant.

V. CONCLUSIONS

We have numerically studied the passive control of flow
separation on a symmetric airfoil using a dense coating, as a
fluid-structure interaction problem. The inspiration for this
has been the observation of the pop-up of covert feathers in
birds during landing approaches or in gusty winds. The
coating used here has properties able to affect the topology
of the flow in the proximity of the rear of the airfoil —
namely, porosity, anisotropy and compliance. The numeri-
cal treatment is based on a weakly-coupled partitioned
solver [4].

It is found by a numerical parametric analysis that such a
coating is capable of improving the aerodynamic perform-
ances of the immersed body, by adapting to the separated
flow. The coating modifies the vortex shedding process,
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hence contributing to enhanced performances. This is
achieved by a synchronization of the oscillations of the
structures onto a frequency close to the natural frequency of
the fluid system.

A set of control parameters has been found which causes
the mean lift to increase by more than 9% and the drag fluc-
tuations to decrease by more than 10%. Other simulations
are under way to identify optimal structural parameters.

Finally, we envision to employ the continuum field the-
ory of Gopinath & Mahadevan [8] based on the equations of
poroelasticity to model realistic layers in three-dimensions
and characterize rigorously the material properties of vari-
ous types of coatings which are found to be efficient in
managing the fluid flow.
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