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Abstract The effectiveness of a small array of body-
mounted sensors, for estimation and eventually feed-
back flow control of a D-shaped cylinder wake is
investigated experimentally. The research is aimed at
suppressing unsteady loads resulting from the von-
Kéarman vortex shedding in the wake of bluff-bodies at
a Reynolds number range of 100-1,000. A low-
dimensional proper orthogonal decomposition (POD)
procedure was applied to the stream-wise and cross-
stream velocities in the near wake flow field, with
steady-state vortex shedding, obtained using particle
image velocimetry (PIV). Data were collected in the
unforced condition, which served as a baseline, as well
as during influence of forcing within the “lock-in” re-
gion. The design of sensor number and placement was
based on data from a laminar direct numerical simu-
lation of the Navier-Stokes equations. A linear sto-
chastic estimator (LSE) was employed to map the
surface-mounted hot-film sensor signals to the tempo-
ral coefficients of the reduced order model of the wake
flow field in order to provide accurate yet compact
estimates of the low-dimensional states. For a three-
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sensor configuration, results show that the estimation
error of the first two cross-stream modes is within 20—
40% of the PIV-generated POD time coefficients.
Based on previous investigations, this level of error is
acceptable for a moderately robust controller required
for feedback flow control.

1 Introduction

An important area of active flow control (AFC) re-
search involves the phenomenon of vortex shedding
behind bluff bodies. These bodies typically serve some
vital operational function, while aerodynamic effi-
ciency is often sacrificed. Flow separates from large
sections of the bluff body. In the case of a two-
dimensional (2D) circular cylinder and above a critical
Reynolds number (Re) of about 47, a significant region
of the near-wake is characterized by global flow
instability (Gillies 1998). This instability results in
asymmetrical vortex shedding, known as the von-
Karman (1954) vortex street, leading to increased drag,
elevated noise levels, and flow-induced vibrations. The
wake features are not highly sensitive to the details of
the bluff-body geometry generating it (Roshko 1954).
Developing an ability to control the wake of a bluff-
body could reduce drag and unsteady-loads; increase
mixing and heat transfer, and enhance combustion
(Roussopoulos and Monkewitz 1996). The focus of the
present research is on reducing the wake unsteadiness.

The Reynolds number regime currently studied
corresponds to low Reynolds number, laminar and
nominally two-dimensional wake. Beyond this range,
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the nature of the vortex shedding transitions to several
three-dimensional (3D) states as the Reynolds number
increases (Williamson 1996). The critical Re for the
onset of 2D vortex shedding of the present configura-
tion was not determined; however, 2D vortex shedding
was the dominant flow regime in all the data to be
presented (e.g., Fig. 1). When active, open-loop, forc-
ing of the wake is employed within the “lock-in’ re-
gion (Blevins 1990), the wake vortices can be “locked”
to the forcing frequency. Two-dimensional excitation
within the “lock-in” regime increases the span-wise
coherence and might strengthen the magnitude of the
vortices, shorten the vortices’ formation length and
consequently increase drag.

He et al. (2000) applied open-loop forcing to a
cylinder boundary layer by rotation and demonstrated
up to 60% drag reduction for Reynolds numbers of
200-1,000. Naim et al. (2006) investigated the flow
around a circular cylinder at Reynolds numbers ranging
from 40,000 to 280,000. A dominant vortex shedding
frequency (VSF hereafter), was identified over the
entire Re range. Using a single excitation slot that was
moved around the circumference of the cylinder,
effective open-loop AFC was performed. The flow
“locked-in” to the excitation, using very low excitation
amplitude in pulsed modulated mode and at frequen-
cies of the same order as that of the natural VSF, even
at Re = 100,000. In the “lock-in”’ regime, significant lift
and drag increases were measured when the magnitude
of the vortices in the near-wake was increased. On the
other hand, the Drag was reduced at higher excitation
frequencies, but this occurred when the boundary layer
separation off the cylinder surface was delayed (also in
He et al. 2000) and most probably not due to direct
wake stabilization.

As opposed to other applications (e.g., boundary
layer control with fixed separation region) where

Fig. 1 A smoke flow visualization image showing baseline
(unforced) vortex shedding off the D-shaped cylinder at
Re =150
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open-loop AFC approaches might be useful, unsteady
wakes may effectively be controlled only using a feed-
back control system, as demonstrated for suppression of
self-excited flow oscillations without geometry modifi-
cation (Gillies 1998). Before proceeding into the details
of modeling and control, it is imperative to appreciate
the reasons as to why closed-loop control is of conse-
quence and the main advantages associated with its
implementation in flow control problems.

Closed-loop flow control is advantageous for the
following reasons:

e FEnables addressing problems that have not been
solved using passive or open-loop active techniques
(e.g., flow induced vibrations, boundary layer noise,
turbulent drag reduction).

e Provides performance augmentation over an open-
loop AFC system due to the sensing capability,
especially at off-design conditions.

e Lowers the energy required to manipulate the flow
and induce the desired behavior. This aspect affects
actuation requirement and may be a deciding factor
in marginal control authority cases (e.g., in a
separation control experiment when the separation
region is moving and multiple actuators could be
used to optimally place the excitation at the mean
separation location).

e FEnables adaptability and robustness over a wider
operating envelope, thereby enabling improved
performance at multiple working points.

A comprehensive review of classical and modern
feedback-flow-control approached is beyond the scope
of this paper. The reader is referred to Collis et al.
(2004) for this purpose. In this effort, the approach
selected (on the route) to feedback flow control is
based on the development of a low-dimensional model.
Bluff-body wake flows, governed by the Navier-Stokes
equations (NSE), are dominated by the dynamics of a
relatively small number of characteristic large-scale
spatial coherent structures, as observed experimentally
in natural and periodically excited vortex sheets
(Roussopoulos and Monkewitz 1996). A “full-state”
model constructed for control purpose based on the
NSE is not feasible for real-time estimation and control
due to its high order. A desirable control system will,
on the one hand, only measure a small number of
surface-body sensors, estimate and control a small
number of stationary large-scale spatial structures
(“modes’’) with time dependent mode amplitudes. On
the other hand, it will keep the dimension of the wake
flow low by not exciting it into a higher dimensional
state, causing higher order modes to introduce insta-
bilities, a phenomena referred to as spillover. In cases
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where the complex spatio-temporal information could
be characterized by a relatively small number of
modes, (as in the 2D bluff-body wake prior to the
bifurcation to 3D flow), model based feedback AFC
can become computationally feasible. Therefore, to
obtain a controller that can be implemented, a re-
duced-order model (ROM) is currently sought to rep-
resent the salient features of the flow field. The desired
controller should provide effective feedback based
upon information provided by a relatively small set of
sensors. For low-dimensional control schemes to be
implemented, a real-time estimation of the modes
present in the wake is necessary since it is not possible
to measure them directly, especially in real-time.

A common method used to reduce the model order
is proper orthogonal decomposition (POD, Holmes
et al. 1996). The POD method may be used to identify
the characteristic features, or modes, of a bluff body
wake as demonstrated by Gillies (1998) for the circular
cylinder at Re ~ 100. This method is an optimal ap-
proach in that it will capture a larger amount of the
flow energy in fewer modes than any other known
decomposition of the flow (He et al. 2000). Low order
modeling (LOM), based on POD techniques, is a vital
building block in realizing a structured model-based
closed-loop strategy for flow control.

Currently, PIV acquired velocity field data was fed
into the POD procedure, to obtain the spatial modes,
using the snapshots method (Sirovich 1987). The time
histories of the temporal coefficients of the POD
model are determined by applying the least-squares
technique to the spatial eigenfunctions of the wake
flow. Then, the estimation of the low-dimensional
states (or mode amplitudes) is provided using linear
stochastic estimation (LSE). This process leads to the
state and measurement equations, required for design
of the control system. Real-time estimation of the
mode amplitudes will be provided for feedback control
using the three surface-mounted sensors’ information.
For practical applications it is desirable to reduce the
information required for estimation to the minimum.
The requirement for the estimation scheme then is to
behave as a modal filter that “combs out” the higher
modes. The main aim of this approach is to thereby
circumvent the destabilizing effects of observation
“spillover” as described by Balas (1978). Spillover has
been the cause for instability in the control of flexible
structures and modal filtering was found to be an
effective remedy (Meirovitch 1990).

The intention of the current strategy is that the
signals, provided by a certain configuration of surface-
mounted sensors placed on the upper surface of the
D-shaped cylinder, are processed by the estimator to

provide the estimates of the first two, most energetic,
periodic POD mode amplitudes. The estimation
scheme, based on the LSE procedure introduced by
Adrian (1977), predicts the temporal amplitudes of the
first two POD modes from a small set of measurements
obtained currently from experimental data. Surface-
mounted sensors are always more practical to imple-
ment than wake or velocity field data. The LSE of
POD modes was successfully applied by Cohen et al.
(2005) for control of the Ginzburg-Landau wake
model. Since the main aim of the current research was
to experimentally validate a method successfully tested
on numerical data (Cohen et al. 2006), LSE was used.
However, future research will include dynamic esti-
mators (Holmes 1996; Tadmor and Noack 2004) com-
pared to the LSE approach. A major challenge lies in
finding an appropriate number of sensors and deter-
mining locations that best enable the desired modal
filtering. The need for modal filtering and the search
for suitable sensor configuration is a problem common
to the control of flexible structures, where a consider-
able research has been done (Baruh and Choe 1990;
Lim 1997) and can be leveraged. Meirovitch (1990)
provides a survey of several effective strategies.
Recent research on closed-loop control of the von-
Karman wake instabilities have addressed the issue of
sensor number and placement based on non-intrusive
sensors in the wake (Cohen et al. 2004). This approach
may not always be implemented; therefore it is
important to develop an effective method for body-
mounted sensor number and placement. These sensors
may measure surface pressures or (un-calibrated) time
resolved skin friction, as is currently done. The
advantages of surface-mounted sensors are:

e Simple, relatively inexpensive and reliable.

e Essential for real-life, closed-loop AFC applications
where the direct measurement of the wake flow
field is cumbersome (if not impossible).

e Enable “nearly collocated” sensors and actuators,
which eliminate substantial phase changes (affects
controller design).

In a recent study, Cohen et al. (2004) developed a
sensor placement scheme based on the intensity of the
spatial eigenfunctions obtained by applying the POD
technique to 286 surface pressures for a D-shaped
cylinder. The numerically generated data comprised
100 snapshots taken from the flow regime that corre-
sponds to steady-state vortex shedding. A linear sto-
chastic estimator (LSE) was employed to map the
surface pressure signals to the mode amplitudes of the
reduced order model of the wake flow field in order
to provide accurate, yet compact estimates of the
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low-dimensional states. For a four-sensor configura-
tion, results show that the estimation errors of the first
two modes are within 3-8% of the wake generated
POD time coefficients. This error was further reduced
to 1-3% using a six-sensor configuration. The main
objective of the current research is to experimentally
validate the sensor placement approach developed by
Cohen et al. (2004) using surface-mounted hot-films
placed on the upper surface of a D-shaped cylinder in a
wind tunnel.

The remainder of the paper is structured as follows:
the experimental setup is described in Sect. 2. This is
followed, in Sect. 3, by a description of the low-
dimensional POD model based on the PIV generated
wake data. Then, in Sect. 4, based on the POD model,
a surface-mounted sensor configuration is used to
estimate the first two, periodic, cross-stream velocity
mode amplitudes. The uncertainties associated with
real-life sensor signals for estimation are discussed.
Finally, Sect. 5 provides conclusions of the current re-
search and some recommendations for future work.

2 Experimental set up and St-Re correlation

The experiments were performed at the 2 ft by 3 ft low-
speed, low-turbulence, closed-circuit wind tunnel at the
Meadow Aerodynamics Laboratory at Tel-Aviv Uni-
versity. This tunnel is especially suitable to perform very
low speed experiments. The flow uniformity and stabil-
ity is maintained at speeds as low as 0.1 m/s. The motor
RPM was monitored and found to vary less than 5% at
speeds below 1 m/s. The free-stream velocity was mea-
sured by recording the VSF of a 4 mm diameter circular
cylinder located at the upper part of the test section
entrance, upstream of the model. Using the well known
Strouhal-Reynolds correlation (Williamson 1996) over
the Re range for which the correlation was constructed,
it is possible to extract the free-stream velocity from
the shedding frequency only, using an iterative process.
This method is also in a very good agreement with the
free-stream velocity determined from the PIV measure-
ments. A Pitot tube is connected to an extremely sensi-
tive pressure transducer that is capable of measuring
velocities above 1 m/s. Very good agreement was found
between the three methods in the overlap region.

The test section is instrumented with a traversing
system, capable of positioning two hot-wires in the
boundary layers and wake of the D-shaped cylinder.
The four walls of the test section are made from optical
quality glass for flow visualization and PIV. A com-
mercial 3D PIV system is currently used in 2D mode to
acquire the stream-wise wake velocity field. The system

@ Springer

includes a double-pulsed Nd-Yag laser at a maximum
output of 200 mJ per pulse and a repetition rate up to
15 Hz. Seeding particles were provided by a theatrical
fog generator located downstream of the test section
and upstream of the fan. An articulated arm with a set
or mirrors and a light sheet forming optics mounted at
the exit routed the laser pulses to above the test section
and generated a thin (about 2 mm wide) light sheet in
the near wake of the D-shaped cylinder. A double
exposure CCD camera with a resolution of 1 k by 1 k
pixels captured the image pairs required for the PIV
analysis. Natural vortex shedding was measured in a
phase-locked manner. The trigger signal in the baseline
flow was provided by a hot-wire measuring the vortex
shedding velocity signal about 10 mm to the side of the
laser light sheet in the near wake. When the flow was
forced, the low frequency amplitude modulation (AM)
excitation TTL signal was used as a phase reference.
“Lock-in” was assured by monitoring an identical
frequency and constant phase lag between the excita-
tion and the wake hot-wire signals.

Figure 1 shows the von-Karman vortex street in the
wake of an unforced D-shaped cylinder at Re ~ 150
(based on its thickness). For the current study, a D-
shaped cylinder was selected so that the separation
points will be fixed, and to assure study of direct wake
control, with fixed width, rather than mixed separation
and wake control. An inherent benefit of an elongated
D-shaped cylinder is the suitability to implant internal
Piezo fluidic actuators and keep the dominant dimen-
sion (i.e., body thickness) very small such that low Re
number experiments could be performed in air, while
always injecting the excitation at the fixed separation
points.

The D-shaped cylinder, shown in Fig. 2a—d, is a semi-
ellipse 46.2 mm long and 6.5 mm thick. A closed-loop
flow control system is comprised also of an actuation
system that introduces perturbations into the flow, to
obtain a desired state alternation. The approach of the
current research is to rely on internal cavity based flu-
idic actuators similar to those used by Yehoshua and
Seifert (2006), due to applicability considerations.

In the 6.5 mm thickness of the D-shape, two layers
of 15 Piezo-electric fluidic actuators were placed. Each
actuator spans 30 mm (with 0.5 mm spacing between
each actuator pair) and is separately addressable. The
fluidic output from nominally 0.5 mm wide, 45° direc-
ted excitation is controllable in the range of 0 to about
5m/s at the actuator’s resonance frequency of
1.2 £ 0.1 kHz. Low frequency excitation, correspond-
ing to the natural VSF, is generated by amplitude
modulating (AM) the actuators’ resonance frequency.
Currently, sensor measurements were provided by
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Fig. 2 a Solid model of D-shaped cylinder showing its three
main components. The core (red) is made of stainless steel and
houses two rows of 15 Piezo fluidic actuators each, two aluminum
made skins are bolted to the core and form the external semi-
elliptic shape and the actuator slots at the trailing edges. The
slots are segmented, allowing individual operation of each
actuator. Thickness is 6.5 mm at the trailing edge, length is
46.2 mm and span is 580 mm. b A cross section of the D-shaped
cylinder model. Thickness is 6.5 mm at the trailing edge, length is
46.2 mm. Fifteen actuator slots are located on each corner of the
upper and lower surface trailing edge. Nominal slot width is

three body-mounted hot-films. Surface pressures could
also, in principle, be used for sensing but for the cur-
rent study they lack sensitivity and require complex
installation as compared to hot-films. An array of 10
hot-films (HF), mounted on the upper side of the
model were placed close to the tunnel center-plane and
were spaced 2 mm apart in their stream-wise location.
The hot-films were operated in constant-temperature
mode (over-heat ratio of 1.2) and sampled at high
frequency (1.35 kHz) by a computerized data acquisi-
tion system. Typical data acquisition sequence con-
tained all hot-films, hot-wires, tunnel conditions
(velocity, fan rpm and temperature) sampled for at
least 20 seconds. Phase-locked data were acquired for
the hot-films, PIV and excitation signal, when the
actuators operated in open-loop inside the ‘“lock-in”
region. “Lock-in” is determined by the inspection of
the stationary relative phase between the excitation
signal and all relevant sensor signals and by a clear
dominant peak of the excitation frequency in all
measured sensors. Currently, only three of the hot-
films were used for this study, as illustrated in Fig. 2b-d.
Due to the low hot-film signal-to-noise ratio (SNR,
-12.5 dB for HF 9) during the main part of the study,
resulting from the very low speed and instrumentation
noise, ensemble-averaging technique was used to im-
prove the SNR. The number of realizations that were
averaged and its effect on the quality of the estimation

0.5 mm and it is oriented at about 45° away from the surface,
facing downstream. Hot-films marked by HF9, 5 and 1 above are
located 11, 19 and 27 mm from the trailing edge, respectively.
¢ The D-shape is installed in the 2 by 3 ft low speed tunnel
at Tel-Aviv University. The flow is from left. The array of 10 hot-
films is seen on the upper surface with its leads routed to the far
side. d A close rear view of the hot-films array. Sensor spacing is
2 mm. The actuator slots can be seen on the trailing edge upper
side junction. Sensing was applied only on the upper surface
while actuation was operated only from the lower surface
actuator slots

process is studied and discussed. Subsequently the
hot-films SNR was significantly improved, for future
real-time feedback AFC experiments.

A typical feature of vortex shedding at low Re is
manifested in the St-Re correlation. Vortex shedding
frequencies were measured in the near-wake of the D-
shape while velocities were measured by using the
circular cylinder St-Re correlation from Williamson
(1996). Figure 3 shows the St-Re relationship for the

0.25
0.2 &
A & e
[:%
St 0.5 4
& D-Shape =65mm
0.1
< Cylinder d=4mm
—St-Re corr
0.05 T T T T
[u] 100 00 0 40 &00
Re

Fig. 3 Strouhal-Reynolds numbers correlation for the 4 mm
circular cylinder (used to measure the free-stream velocity) and
for the 6.5 mm thick D-shaped cylinder. The black line is a
correlation from Williamson (1996)
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current D-shaped cylinder wake, compared to the
correlation of a circular cylinder. It can be noted that
the St for the D-shape lies below the universal corre-
lation. This is due to the presence of thick boundary
layers on the D-shaped cylinder as compared to their
thinner counterparts on a circular cylinder. Increasing
the length scale used to calculate both St and Re for
the D-shape collapses the current data to the universal
correlation. The discontinuities in the D-shape St-Re
relationship for Re > 250 are probably related to 3D
bifurcation which were not studied yet in detail and
were avoided by limiting the Re range in the current
study to remain below 250.

3 POD modeling of excited flow

Feasible real-time estimation and control of a bluff
body wake may be effectively realized by reducing the
complexity of the wake flow field by using the POD
techniques. This model reduction approach is referred
to in the literature as the Karhunen-Loeve expansion
(Holmes et al. 1996). The ideal POD model will con-
tain an adequate number of modes to enable modeling
of the temporal and spatial characteristics of the large-
scale coherent structures inherent in the flow, but no
more modes than absolutely necessary. The MATLAB
based POD and LSE algorithms used in this effort are
based on those developed for previous work done at
the USAF Academy (Cohen et al. 2005).

Figure 4 shows the dominant VSF measured in the
near wake of the D-shape at Re = 152 using a hot-wire,
while the hot-wire was traversed in the vertical (z)

* ® Baseline
.
M3 1 OAMf=7.6Hz
&=
% & AM {=7.8Hz
B & ' £
7777777777 e e A AM f=8Hz
i
2
.% ,,,,,,,,,,,,,,,,,,,
:
§
2 ; ; ; ; ; ;
7.5 7.6 7.7 7.8 7.9 8 8.1 8.2

Vortex Shedding Frequency [Hz]

Fig. 4 Vortex shedding frequency for the D-shape at Re = 152
versus the vertical position in the wake, x/D = 7 from the trailing
edge. Note that the excitation was introduced only from the
lower surface actuators. Duration of such measurement is about
30 min. Low frequency is generated by amplitude modulation
(AM) of the 1.26 kHz actuators resonance frequency by low
frequency that is close to the natural VSF
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direction to cross the entire wake. For the baseline case
there is a scatter of about +0.1 Hz in the VSF, outside
the frequency-doubling region in the 0.25 < z/D < 0.25
range. When AM-forcing was applied from the lower
actuator slot, with uniform phase across the span, at
frequencies that are +0.2 Hz away from the natural
VSF, perfect “lock-in” was obtained, as can be seen
from the shift of the dominant frequency. For all of
those cases the relative phase between the excitation
and the wake-edge hot-wire was stationary. Currently,
the wake flow field, represented by the cross-stream
velocity component was obtained from wind tunnel
PIV data of the D-shaped cylinder wake at Re = 225.
Sixteen datasets, consisting of 20 image pairs each,
were acquired at equal phase increments along the
excitation cycle. Each data set (for a given phase) was
then ensemble-averaged, generating one representa-
tive “‘snapshot” of the excited flow. The minimum
number of snapshots was determined by acquiring 40
image pairs in a certain phase, calculating the norm of
the V-velocity in each snapshot and calculating the
averaged norm of increasing number of snapshots. It
was found that the averaged norm of 20 snapshots
changed in less than 1% (of the averaged norm) when
additional snapshots were averaged. Figure 5a presents
a typical snapshot resulting from the above procedure.
These 16 snapshots were then used for the POD
analysis. The data were acquired after ensuring that the
cylinder wake (frequency, amplitude and phase of the
vortex shedding with respect to the excitation signal)
reached steady state, by observing and recording hot-
wires and hot-film signals along with the excitation
signal. For control design purposes, the POD method
enables the flow, depicted in this study by the cross-
stream velocity, to be modeled as a set of ordinary
differential equations (ODE) as detailed by Holmes
et al. (1996). First, the flow field data is loaded and
arranged from the PIV data of the D-shaped cylinder
wake, in accordance with their relative phase with re-
spect to the excitation signal. The decomposition of
this component of the velocity field is as follows:

17(x>y>t) = V(x>y)+v(x7y7t) (1)

where V denotes the mean flow and v is the fluctuating
component that may be expanded as:

vyt = S ad xy) )
k=1

where a,(t) denotes the time-dependent coefficients
(TC) and @¢;(x, y) represents the non-dimensional
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Fig. 5 a Phase-locked ‘‘snapshot” showing velocity vectors and
vorticity contours (every 2nd vector is shown, the difference
between contours levels is 0.005 1/s). Flow excitation with AM
signal  (Fm=13.65Hz and Fc=1,200 Hz), natural
VSF = 13.5 Hz, Re = 225. b The decay rate of the PIV generated
V-velocity Eigenvalues

spatial eigenfunctions of the velocity determined from
the POD procedure. From an ensemble of snapshots,
the “‘mean snapshot” is computed and then this mean
is subtracted from each member of the ensemble. This
is done primarily for scaling reasons; i.e., the deviations
from the mean contain information of interest but may
be small compared with the total signal.

Figure 5a shows one ensemble-averaged snapshot,
PIV measured velocity vectors and vorticity contours
at a given phase along the excitation cycle, at Re = 225.
The excitation Strouhal number (St) is 0.16 (based on
the excitation frequency of 13.65 Hz, free-stream
velocity of 0.54 m/s and the actual D-shape model
thickness). This length scale is used, disregarding the
effective wider near-wake (with which the VSF scales)

due to the boundary layer thickness. The PIV velocity
uncertainty for this data set is +3% of the free-stream
velocity. Sixteen such equally spaced phases were
acquired for one excitation cycle.

Next, the empirical correlation matrix was com-
puted, wusing the inner product, defined as
(u,v) = [dxu(x) - v(x), where both u and v refer to the
cross flow velocity component. Solving the eigenvalue
problem, the eigenvalues and the orthogonal spatial
eigenfunctions, ¢;(x, y), were obtained. Since the
eigenvalues measure the relative energy of the system
dynamics contained in each mode, they may be nor-
malized to correspond to a percentage of the system
energy. For the current working point (Re ~ 225), the
eigenvalues for the V-velocity are presented in
Table 1. Note that the overwhelming portion of the
energy associated with the POD modes, after the mean
has been removed, is contained in the first two modes
(97.2%).

Finally, the time histories of the temporal coeffi-
cients (TC’s) of the PIV generated POD model, a(1),
were determined using the extracted spatial modes and
the phase-locked (to the excitation signal) snapshots of
the flow. However, it is not possible to obtain a direct
real-time measurement of a, which is why it needs to
be estimated from direct measurements such as body-
mounted sensors. An important aspect of reduced or-
der modeling for feedback AFC applications concerns
truncation. How many modes are important and what
are the criteria for effective truncation? The answers to
the above questions have been addressed by Cohen
et al. (2003). That numerical study demonstrated
that control of the POD model of the von-Karman
vortex street in the wake of a circular cylinder at low
Reynolds numbers (Re =~ 100) was viable using just the
first mode. Furthermore, feedback based on the first
mode alone significantly attenuated all the other
modes in the four-mode POD model.

In view of the above result, currently, truncation of
the POD model can take place after the first two
modes, which contain over 97% of the V-velocity en-
ergy containing fraction, as seen in Table 1. Figures 6
and 7 illustrate the eigenfunctions of the first four
modes for both u and v, respectively. At this point, it is

Table 1 Eigenvalues of wake V velocity from PIV data and
POD analysis, Re = 225, using 16 ensemble averaged snapshots

Velocity (V) POD eigenvalues

1 0.504
2 0.468
3 0.012
4 0.010
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Fig. 6 PIV-measured U-

Mode 2

velocity PIV-POD modes, D-
shape, Re = 225, St = 0.16
(13.65 Hz), broken line
indicates negative values

Y/D

Y/D

Y/D

Y/D

Fig. 7 PIV measured V

Mode 1

velocity PIV-POD modes, D- 6
shape, Re = 225, St = 0.16
(13.65 Hz), broken line
indicates negative values

Y/D

Y/D

Y/D

Y/D

imperative to note the difference between the number
of modes required to reconstruct the flow and the
number of modes required for effective low-dimen-
sional modeling for control design purpose. In this
study, we were interested in estimating only those
modes required for closed-loop flow control. On the
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other hand, a more accurate reconstruction of the
velocity (and pressure) field, based on a low-dimen-
sional model, may be obtained using between four to
fifteen modes. The number of required modes may also
change with the flow feature to be modeled and con-
trolled, especially in 3D cases.



Exp Fluids (2007) 42:531-542

539

The quintessential question is whether an effective
estimate of the states, of the two mode low-dimensional
model coefficients, a;, can be estimated based on a small
umber of surface-mounted sensors. The answer is
affirmative and the details that provide the estimate of
the first two modes, a; — a,, are presented in the next
section. The first four PIV-POD time coefficients (TC)
for the V-velocity are shown in Fig. 8a. Note the relative
magnitudes, as indicated also in Table 1, and the dif-
ferent frequency of TC 3-4 compared to TC 1-2. Even
though the 3rd and 4th TC are at twice the fundamental
VSF, linear stochastic estimation (LSE) will be able to
predict TC 3-4, with sufficient number of sensors and
superior SNR. However, it might not be needed if the
energy is concentrated in modes 1-2, as currently is the
case, even when the control loop will be closed.

On the other hand, a POD model is, strictly speak-
ing, only valid for the flow situation from which it was
derived. Deane et al. (1991) looked at Reynolds
number effects on the POD modes of the wake of a
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Fig. 8 a POD modes’ time coefficients (7C) generated from
PIV-measured vertical velocity component (V). The first two
modes are at the same frequency as the modulating frequency of
the input signal to the Piezo fluidic actuators. Excited flow,
Re = 225. The total time of the data presented is equal to two
cycles of the fundamental excitation frequency. b Ensemble
averaged (90 cycles) hot film signals. Conditions as those of
Figs. 5, 6, 7. HF locations shown in Fig. 2b

circular cylinder at Re = 100-200. They present direct
evidence that the cylinder modes, unlike those of a
pressure driven cavity flow, change significantly with
Reynolds number, and that modes developed at one Re
are not useful at off-reference Re for the cylinder.
Therefore, it is expected that any modification of the
flow field by means of feedback AFC may bring about
a reduction and in some cases absolute nullification of
the validity of the model. In order to address this
problem, modified POD models have been proposed
by Noack et al. (2003), Tadmor et al. (2004a, b) and
Siegel et al. (2003), while experimental validation was
not performed yet.

4 Estimation, sensor configuration and results

The time histories of the temporal coefficients of the
flow field V-velocity in the current study were deter-
mined by introducing the POD spatial eigenfunctions
into the flow field data using the least-squares tech-
nique. The intent of the applied strategy is that the
measurements provided by the body-mounted hot-film
sensors are processed by the estimator to provide the
estimates of the first two temporal modes of the wake
flow field cross-stream velocity. The estimation
scheme, based on the LSE procedure introduced by
Adrian (1977), estimates the temporal amplitudes of
the first n (currently n = 2) POD modes from a finite
set of hot-film measurements obtained from the
experiment of the controlled open-loop forced D-
shaped cylinder wake. All the measurements were
acquired only after ensuring that the cylinder wake
flow regime converged to steady state vortex shedding
inside the ‘lock-in” regime. The mode amplitudes,
a, — ap, were mapped onto the extracted sensor signals
from the body-mounted sensors, ug, as follows:

m=3
an(t) = Y Clus(0) 3)
s=1

where m is the number of sensors and C represents
the coefficients of the linear mapping. The effective-
ness of a linear mapping between wake velocity mea-
surements and POD states has been experimentally
validated by Cohen et al. (2004). The coefficients C”
(n=1,2;5s=1, 2, 3) in Eq. (3) are obtained via the
LSE method from the set of discrete sensor signals and
temporal, PIV generated POD time mode coefficients,
a—aj.

The issue of sensor placement and number has been
dealt with in an ad-hoc manner in published studies
concerning closed-loop flow control (Cohen et al.
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2006). For effective closed-loop control system, the
following questions need to be answered:

e How many sensors are required?

e Where should the sensors be located?

e What are the criteria for judging an effective sensor
configuration, and

e Is the configuration robust?

Note that we seek to arrive at an ‘‘effective sensor
configuration” as it is based on validated heuristics as
opposed to “optimal sensor configuration” that results
from a mathematically optimal pattern search for a
sensor configuration. So, what needs to be done to
determine an effective sensor configuration is to find
the areas of energetic modal activity.

The selection of the sensor configuration in this
paper is based on the findings of an earlier effort by
Cohen et al. (2006), as cited above. The knowledge
concerning the spatial eigenfunctions obtained from
the POD procedure provides insight into where the
modal activity is high. It was found that the most
effective locations for surface-mounted sensors for
estimation of modes 1 and 2 were around the trailing
edge of the D-shaped cylinder. This is where the sur-
face-mounted hot-film sensors are placed in the current
effort (see Fig. 2b).

Three hot-film sensors were placed at the upper
surface of the cylinder near the trailing edge. These
sensors target modes 1 and 2 of the wake V-velocity
component. The time histories of the three hot film
sensors are presented in Fig. 8b. These signals are
ensemble averaged, containing about 90 vortex-shed-
ding cycles, in order to improve the SNR. Ensemble
averaging was needed since the signal to noise ratio of
the preliminary raw HF data acquired for this effort
was very low (Fig. 11). After ensemble averaging, it is
evident that the VSF dominates the spectrum of the
HF sensors. Also there is a decay of the signal as one
propagates from the trailing edge towards the leading
edge and a phase shift develops. These are encouraging
findings in the prospects that the signals are well cor-
related to the TC and on the other hand, not too
similar to each other.

Subsequently, the LSE procedure was applied to
obtain the transformation matrix C} and to obtain the
estimates of the V-velocity/surface-mounted hot-film
signals POD mode coefficients. The estimated versus
actual mode amplitude plot, for the current three-
sensor configuration are presented in Fig. 9. The sim-
ilarity between the original and estimated signals is
evident and very encouraging. However quantification
is needed and this was performed by considering the
normalized difference, as detailed below.
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Fig. 9 Time coefficients (7C) mode amplitudes resulting from
POD analysis of the PIV-measured V-velocity, modes 1 and 2
shown (termed “Original’’) compared with their estimation from
the 3 surface-mounted hot-films (termed ‘“‘estimated’”)

The normalized difference was calculated between
the actual wake mode amplitude, extracted from the
PIV data by the POD procedure and the estimates ob-
tained form the LSE procedure. For convenience, the
absolute difference is normalized by the actual PIV ex-
tracted mode amplitudes of the “trainer” data and pre-
sented as a percentage in Fig. 10. The comparison
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Fig. 10 The normalized difference between the ‘‘original”
(according to the caption of Fig. 9) V-velocity POD time
coefficients of modes 1 and 2 and their estimation from 3
surface-mounted hot-films, using the ‘‘trainer” data (empty
symbols) and a different set of hot-film data (‘“‘estimator”,
marked “EST” in the above legend) versus the number of data
segments (each corresponding to one VSF cycle) taken into the
ensemble averaging process
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between the original PIV-POD TC 1 and TC 2 and the
“training” data estimation also suffers from the low
SNR, and the resulting differences are 37 and 27 %, for
modes 1 and 2, respectively, using 90 vortex shedding
cycles for the estimator data. When using a different data
set from the hot-film sensors for estimation, and lower-
ing the number of ensemble averaged cycles as well, the
estimator error increases to about 50 and 40% for TC 1
and TC2, respectively. While a reduction to 20 ensemble
averaged cycles, roughly doubles the error, which is ex-
pected due to the 1/y/n (n is the number of cycles
averaged) converging ratio. Although the RMS error
may appear to be high, the frequency content and the
phase obtained using the LSE procedure appears to be
very good. The resulting error and the number of sensors
may be integrated together into a cost function. The
purpose of the design process would then be to select the
configuration that minimizes this cost function. Con-
sidering the fact that the LSE is providing V-velocity
estimates of the wake flow field, the RMS values appear
to be adequate and can be used for closed-loop flow
control using a moderately robust controller (Fig. 11).

Considering the fact that the entire database used
for the current wake modes estimation is for forced
data, one should consider the probability that the
observability of the baseline POD modes would be
lower. Therefore, the baseline hot-film sensor and
wake hot-wire readings were recorded and processed
as well. It was found that it did not significantly differ
from the signals currently used for the estimation of
the excited flow. The magnitudes were slightly higher
in the excitation flow, as expected.

To overcome the low-SNR found during the pre-
liminary stages of this study, a significant effort was
invested in eliminating the noise sources from con-
taminating the HF signals. A result of the HF9 signal
after significant hardware modifications is presented in
Fig. 12. This signal represents a 26 dB improvement of

— Raw data

-o- Ensemble averaged

Amplitude [Volt]

0.5

Time [sec]

Fig. 11 Raw “Locked data” of hot-film 9 before ensemble
averaging and after 90 segments ensemble averaged processing

Amplitude [Volt]

Time [sec]

Fig. 12 Improved SNR HF-9 showing raw data.
St = 0.16 (F1 = 13.5 Hz)

Re = 225.

the SNR as compared to the raw HF data acquired
prior to the modification (e.g., from —12.5 to +13.4 dB).
Such a signal quality could be used for real-time esti-
mation of the most energetic POD wake modes from a
small-set of three hot-film sensors.

The current use of LSE is a possible shortcoming of
the method. Non-linear methods such as dynamic
estimators (Gerhard et al. 2003; Rowley and Juttiju-
data 2005; Luchtenburg et al. 2006) could be used and
compared with the results of LSE.

5 Conclusions and recommendations

This paper provides a first experimental validation of a
heuristic procedure for the placement and number of
body-mounted sensors for feedback flow control of a
D-shaped cylinder wake, based on proper orthogonal
decomposition modeling. The design used surface
readings obtained from hot film sensors to estimate
POD mode time coefficients of the wake flow field
(cross-stream velocity) at a Re = 225. The results show
that the estimates of the first two modes of the wake
flow field are accurate to within 35% RMS error, with
respect to the measured POD time coefficients RMS.
This level of error is acceptable for a moderately
robust closed-loop flow controller.

Further research will aim at examining sensitivity of
the developed heuristic procedure for sensor number
and placement, to noise and to variations in Reynolds
number. Furthermore, the effectiveness of the sensor
configuration will be examined for variable open-loop
steady-state and transient forcing conditions. Also,
dynamic estimators could be used instead of linear
stochastic estimators used in conjunction with band
pass filters rather than ensemble averaging. Finally, it is
required to examine the performance of the current
closed-loop flow control strategy at increased Reynolds
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numbers, beyond the bifurcation to 3D vortex shed-
ding pattern.
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