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ABSTRACT

‘We are developing methods to predict the dynamics of the
flow field above a NACA-4412 airfoil using real-time mea-
surements of the pressure from the surface of the airfoil only.
Through Proper Orthogonal Decomposition (POD) and modi-
fied Linear Stochastic Measurement (mLSM) low-dimensional
techniques (Lumley (1967), Adrian (1975), Taylor & Glauser
(2004)) these pressure measurements are coupled to Particle
Image Velocimetry (PIV) data of the flow to estimate the
time dependent coefficients describing the flow. Based on a
least-squares technique applied to the POD spatial modes, we
obtain a system of ODEs that are solved to get the time-
evolution of the POD coefficients, whereby an estimate of
the evolution equation of the flow is obtained. This low-
dimensional estimated plant will be used to explore different
Proportional, Integral & Derivative (PID) control parameters
and will enable us to implement a controller of the flow state
above the airfoil using leading-edge zero net-mass flow actua-
tors while pitching the airfoil.
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Figure 1: Overall view of the experimental setup in the test
section of the Syracuse University closed-loop low-speed wind
tunnel.

The subsonic wind tunnel facility at Syracuse University
is a closed recirculating design with a 2 ft. by 2 ft. test
section (Figure 1). The speed in the test section is continu-
ously variable from 5 to 60 m/s. The test model NACA-4412
airfoil was designed to meet several requirements (Glauser et
al. (20044)). It is two dimensional with a constant 8-inch
chord-length and constant airfoil section geometry along the
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span. The model is equipped with 11 unsteady pressure sen-
sors along the chord (Figure 2) and actuators near the leading
edge.
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Figure 2: Side and top view of NACA 4412 with location of
pressure sensors

Measurements of pressure and velocity over the airfoil are
taken simultaneously at different angles of attacks. Measure-
ments were taken at 13, 14 and 15° angle of attack (AoA)
without actuation, taking 840 statistically independent sam-
ples for each angle, and 14, 15, 16, 17 and 17.5° with actuation
taking 600 statistically independent samples for each angle.
Each sample includes a PIV 2D-3C (three component) mea-
surement of velocity using a Dantec Dynamics Stereo PIV
System to capture data in the x-y (streamwise-transverse)
plane above the airfoil. Concurrently, the unsteady pressure
was measured at eleven locations along the chord at midspan
at a sampling rate of 4 kHz. The unsteady pressure along the
chord is sampled through a National Instruments SCXI signal
conditioning unit along with a PXI based A/D board. The
system is triggered to synchronize the pressure measurements
and the PIV snapshots.

LOW-DIMENSIONAL TOOLS

Proper Orthogonal Decomposition (POD)
In 1967, Lumley proposed the POD as an unbiased tech-
nique for studying coherent structures in turbulent flows. The



POD is a logical way to build basis functions which emphasize
the most energetic features of the flow (Holmes et al. (1997)).
This results in the localization of a small number of the struc-
tures containing a large percentage of the systems energy. The
POD is a straightforward mathematical approach based on a
Karhunen-Loeve expansion. It is used to decompose the ve-
locity field into a finite number of empirical functions intrinsic
to the flow, which can be used to ascertain a subspace where
a model can be constructed by projecting the governing equa-
tions on it (Holmes (1996)). These eigenfunctions, (;55?6]\,, are
linearly independent and form a basis set chosen to maximize
the mean square projection of the velocity field. POD there-
fore describes in an optimal way the energy contained in the
flow. The eigenfunctions are obtained from the following in-
tegral eigenvalue problem:

/ Rij(#,2) ¢\ (&) di’ = A\ () (1)

where R;;(Z,Z") is the ensemble averaged two-point spatial
velocity correlation tensor.

We then can extract the time dependent expansion coef-
ficients describing the flow, by projecting the velocities onto
the eigenfunctions, as follows:

an(to) = / ui (&, t0) ¢4 (%) dZ (2)
D

where u;(Z, to) is the velocity field at a given PIV-snapshot
time.

The eigenfunctions of equation 1 give the optimal basis,
and are termed empirical eigenfunctions since they are derived
from the ensemble of the observations. The Hilbert-Schmidt
theory ensures that if the random field occurs over a finite do-
main, an infinite number of orthonormal solutions can be used
to express the original random velocity field, u;, therefore we
can then partially or totally reconstruct the original velocity
field by projecting ay (t) on the eigenfunctions:

N
w(@,t0) = Y an(to)s" (@) 3)
n=1

where N is the number of modes with which we wish to
reconstruct the velocity field. If N is oo the velocity field is
totally reconstructed. We use the time dependent informa-
tion provided by equation 3 to develop the low-dimensional
descriptions of the flow when N is a finite number.

Depending on the data included in the ensemble averages
involved in the calculation of the two-point spatial velocity
correlation tensor R;j, we will refer to the POD method as
either conditional or global. The conditional approach solves
each flow state (angle of attack, Reynolds number, control
On/Off) separately, the kernel therefore becoming of the fol-
lowing form:

Rij(£v£7/t07a) = <ui(fvt07a)uj(fvlt07a)>' (4)

while the global POD approach includes ensembles of dif-
ferent flow states in the average process, as follows:

Rij (&, &, to) = (us (T, to) uj (%, to)). (5)

Therefore in the global POD, the eigenfunctions have a
greater knowledge of the multiple flow states, i.e. for differ-
ent angles of attack, control On and Off. Taylor and Glauser
(2002, 2004) discuss this approach at length. Boree (2003)
and Fogleman et al. (2004) apply a similar approach to an
engine cylinder flow. Substituting either the conditional or
global kernel into equation 1 provides the desired basis func-
tions. The velocity reconstructions displayed in this paper use
a global POD approach.
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modified Linear Stochastic Measurement (mLSM)

The Linear Stochastic Estimation (LSE) was proposed by
Adrian in 1975. He recognized that the statistical informa-
tion contained within the two-point correlation tensor, R;j,
could be combined with instantaneous information to form a
technique for estimating the flow field. Cole et al. (1991)
demonstrated this in the axisymmetric jet shear layer where
they successfully estimated the velocity radially across the jet
shear layer using information from only a few radial locations.

Bonnet et al. (1994) expanded on the work of Adrian
(1975) and Cole (1991) to form the complementary technique
which combines the POD and LSE to obtain the time resolved
POD expansion coefficients from instantaneous velocity data
on course hot wire grids.

Taylor and Glauser(2002, 2004) further expanded these
methods and demonstrated how instantaneous time resolved
wall pressure measurements could be used to construct an
accurate representation of the instantaneous velocity field
from wall pressure alone (i.e., the modified complementary
technique or mLSE, now termed mLSM for better under-
standing with controls community). This approach can be
applied to the POD using either the ”conditional” or ”global”
POD eigenfunctions described above. In this study we use
the mLSM method to compute the POD velocity coefficients
above the airfoil using discrete pressure measurements taken
on the airfoil surface. The conditional structure is the ran-
dom POD coefficient, ay(t) and the conditions are the wall
pressure. Since both the fluctuating pressure and the random
POD coefficients are integrated quantities, the correlation be-
tween them is strong and the method makes sense from a
physical standpoint. The instantaneous wall pressure is used
in equation 6,

an(t) = (an(t)[p(t)) (6)

to obtain ay, (t) the estimate of the random POD coefficient
that describes the velocity field over & given the instantaneous
surface pressures, p;(t). The estimated random coefficients for
each POD mode can be described as a series expansion using
the instantaneous surface pressures available at ¢ positions on
the airfoil surface:

n(t) = Bn1p1(t) + Bnap2(t) + - -+ + Bngpq(t)- (7)

Truncating this expression to include only the linear term
(plus the error associated with neglecting the higher order
terms) we obtain:

an (t) = Bpipi(t) + O[pi (1)) (8)

The coefficients are considered to be the conditional struc-
tures of the flow, and they effectively describe a certain per-
centage of the energy contained in a certain spatial POD
mode. The elements of B,; are chosen to minimize the
mean square error, e, = [an(t) — an(t)]2 by requiring that

~ s — 2
O¢ay _ OBuipi()=an(®)]? _ 0. The solution to the minimiza-

B B
tion problem of equation 8 is a linear system of equations,
which can be written in matrix form as:

®?  (pp2) - (p1pq) B (anp1)
(p2p1) (p§> e (p2pq> B2 B {(anp2)
<pq.171) @q.P2> T (Pg) B;zq (an’pq>

The elements B,; are then substituted into equation 8 to
estimate the random POD coefficient for each instantaneous
pressure measurement. These coefficients when combined with
the POD eigenfunctions provide an estimate of the instanta-
neous velocity field, u;(t) from application of equation 3. For



flow control studies we have been using the mLSM method to
provide the state of the flow from wall pressure only (Taylor
and Glauser (2002, 2004) and Glauser et al. (20044)). This
provides one method for monitoring the system state with
physically realizable input from practical wall sensors.
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Figure 3: Instantaneous fluctuating velocity field at a = 15°
AoA.
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Figure 4: 50-mode mLSM estimation of the fluctuating veloc-
ity field at @ = 15° AoA.

Figure 3 shows an original fluctuating velocity field over the
airfoil and figure 4 shows the reconstructed field estimated
from pressure alone. We are able to retrieve the main fea-
tures of the turbulent flow through this estimation technique.
Naguib et al. have shown that a Quadratic Stochastic Mea-
surement technique was more effective when the measurements
(airfoil surface pressure here) are out of the plane of estima-
tion. An investigation will be made to verify how a quadratic
estimation improves the closed-loop control.

OPEN-LOOP CONTROL RESULTS

Zero net-mass flow actuators placed near the leading edge
are used to add energy to the turbulent boundary layer thus
delaying the separation of the flow (i.e. stall of the wing) as
the AoA increases. The flow over the airfoil was first studied
with a constant amplitude and frequency sine wave actuation
to measure the effectiveness of such an actuation. The actu-
ators were found to operate with the most efficiency at 2500
Hz because of cavity resonance phenomena. The actuation
has shown effective in keeping the flow attached well over 16°
AoA, the natural stall angle of the model airfoil (Figures 5 &
6). Indeed it was able to delay separation up to 18.5° AoA,
keeping the flow in an incipient condition with an output from
the speakers on the order of 1 V.

PROPORTIONAL CLOSED-LOOP FEEDBACK CONTROL
RESULTS

As a validation step of our closed-loop control approach,
we have been implementing a simple proportional feedback
involving POD-mLSM methods. The aim is to verify if low-
dimensional modelling based on POD is a potential solution
for implementing a closed-loop control at high rates. The
problem being to process the rich and complex information
real-time. As suggested by Glauser et al. (2004, ), because the
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Figure 5: Mean-velocity vector map at o = 15° AoA, averaged
over 600 snapshots.

015

01

ylc

0.05F

Figure 6: Mean-velocity vector map at o = 16° AoA, averaged
over 600 snapshots.

time series of the 1°¢ POD-mLSM estimated mode contains
much of the energy along with the low frequency and high
amplitude information, it was used as a real-time amplitude
modulation to the 2500 Hz sine wave used in the open-loop
case. The input of the actuators is therefore as follows:

ACtinput = AE(t) Sin(QTI‘fot)

A is a fixed gain.
e(t) is the difference between the 1% POD coefficient
estimated from the pressure and the amplitude of the aimed
state. fo is the 2500 Hz high frequency carrier, given by the
optimal characteristics of the speaker.
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Figure 7: First POD coefficient estimated from wall pressure
modulating 2000 Hz sine wave. Control ON, AoA 12 — 16°.

The feedback loop was performed at a rate of 10 kHz ac-
quiring all 11 sensor channels and feeding back in real-time the
actuation channel. The pressure signal sensed downstream of
the actuation has to be low-pass filtered at a cutoff under the
carrier frequency otherwise destabilizing the closed-loop al-
gorithm. A dedicated real-time NI-PXI based controller was
used to perform the loop at these rates. As can be seen in
Figure 7 (Glauser et al. (2004);), the amplitude of the spa-
tially estimated measurement increases with the AoA, which
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Figure 8: CLFC On then Off, actuation on top and filtered
coefficient a1(t) on bottom, note hysterisis delay before sepa-
ration.

is a necessary condition for this method to be stable. Indeed,
as the AoA increases and the structures grow larger, the actu-
ation amplitude will follow in real-time and increase to keep
the flow attached.

Note that not only does the coefficient 'measured’ from the
pressure contain the amplitude information from the flow, crit-
ical for the control but it also contains the frequency changes
as can be seen in Figure 8. It shows on the bottom the filtered
coefficient estimated from the pressure and on top the actu-
ation signal. As the Closed-Loop Feedback Control (CLFC)
is turned off, the flow separates after a hysterisis time period
on the order of a 0.5 seconds where the CLFC is OFF but the
flow stays attached, phenomenon also observed by Wygnanski
(2004) on a real scale application of flow control. Once the flow
has completely separated we can note a lower frequency, re-
vealing the much larger structures present in a separated flow.
Proving that a simple proportional feedback method based on
these low-dimensional tools is, in a practical way, feasible with
surface measurements only, stable and robust is our first step
toward developing a model of this system and a controller for
this model.

PREDICTION OF THE FLOW FOR CONTROLLER DEVEL-
OPMENT

We are developing a low-dimensional dynamical model for
the flow in order to develop a controller for this model. Given
initial and boundary conditions of the flow, it is theoretically
possible to predict the evolution of the flow by solving the full
incompressible Navier-Stokes equations. Because of the com-
plexity of the system, different works (Aubry et al. (1988),
Ukeiley et al. (2001)) have been conducted in order to sim-
plify the Navier-Stokes equations and come up with a minimal
set of Ordinary Differential Equations (ODEs) that would be
able to describe correctly the essential dynamical behavior of
the flow. Based on this set of ODEs, which govern the time-
evolution of the POD coefficients, and with an experimental
rather than analytical approach, Ricaud (2001) was able to
’train’ the equations with a ’learning sample’ from experimen-
tal data and get an estimate of the expansion coefficients. The
time-evolution ODE is of cubic form as follows:

N N N
dal

=1 k=j j=1 k=3 l=k

(9)

Following this idea, we built our dynamical model, function

Z Lij a; +Z Z ngk a; ak"‘z Z Z Cz]kl aj ag a
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of the POD modes. Refer to Ausseur & Pinier (2005) for
more detail. Our goal is to be able to correctly reproduce
the estimated POD expansion coefficients of the ’learning
sample’ and beyond from a single initial condition for each
mode. Figure 9 from Ausseur & Pinier (2005) shows the
initial results in the prediction of the dynamics of the flow.
Given only the initial condition an(0) for all modes n, the
integration of the ODEs through a 4" order Runge-Kutta
method predicted the coefficients for over 250 time-steps
(0.063 sec.) before diverging due to numerical parameters not
yet optimized.

conditional POD15 c0O
5 T T T T T

— a(1,t) filtered
4 — — predicted a(1.t) A

5 L L ! L L

100 150 200 250
Figure 9: Comparison of measured and predicted low-order
expansion coefficients ai(t) for 13° AoA, given same initial

conditions

The gained prediction capability enables us to get an esti-
mate of a plant for the airfoil model. We are in the process
of modeling the effect of the actuation to incorporate it in the
modeled plant. By decomposing velocity into a mean term,
a fluctuating term and an actuation term, we will be able to
include the actuation term in the evolution equation and im-
plement an elaborate closed-loop control algorithm. In a first
approach, we will linearize the evolution equation. We can
then simulate offline the actuation of the airfoil and develop
a controller in the complex domain. The aim of the control
is that the flow resembles as much as possible a completely
attached flow state (e.g. at 13° AoA ) as the airfoil pitches
to high angles of attack. Figure 7 shows the real-time control
of the system that will be implemented. The effectiveness of
our controller on the real system will highly depend on the
capability of the estimated plant to describe accurately the
real flow. This capability is the result of a correct integration
of the low-order dynamical system, our aim being to increase
significantly our prediction time.

CONCLUSION

The POD and mLSM mathematical tools used have proven
effective in reducing the order and complexity of the turbulent
system, which is fundamental for real-time control capability.
In the open-loop investigation the actuation was able to keep
the flow attached or in an incipient state, well over the stall
angle of the uncontrolled airfoil. The first-of-a-kind practi-
cal closed-loop feedback control of a turbulent flow based on
these low-dimensional tools has shown very promising for our
future implementation within an elaborate control algorithm.
Close-future work includes a refinement of the integration of
the evolution equations based on data to improve the predic-
tion capability and the integration of actuation in the model
evolution equation.
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