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a b s t r a c t

The unsteady activation or deactivation of fluidic vortex generators on a NACA 0015 airfoil is studied to
understand the transient dynamics of flow separation control. The Reynolds number is high enough and
the boundary layer is tripped, so the boundary layer is fully turbulent prior to separation. Conditional PIV
of the airfoil wake is obtained phase-locked to the actuator trigger signal, allowing reconstruction of the
transient processes. When the actuators are impulsively turned on, the velocity field in the near wake
exhibit a complex transient behavior associated with the formation and shedding of a starting vortex.
When actuation is stopped, a more gradual process of the separation dynamics is found. These results
are in agreement with those found in the literature in comparable configurations. Proper Orthogonal
Decomposition of phase-locked velocity fields reveals low-dimensional transient dynamics for the
attachment and separation processes, with 98% of the fluctuation energy captured by the first four modes.
The behavior is quantitatively well captured by a four-dimensional dynamical system with the corre-
sponding mode amplitudes. Analysis of the first temporal POD modes accurately determines typical time
scales for attachment and separation processes to be respectively tþ ¼ 10 and 20 in conventional non-
dimensional values. This study adds to experimental investigations of this scale with essential insight
for the targeted closed-loop control.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Suppressing or delaying flow separation over an airfoil at high
incidence has been the subject of many studies for more than a
century (Greenblatt and Wygnanski, 2000). Many different type
of actuators can be used but, in this paper, we are specifically con-
cerned by active control of flow separation via fluidic actuators.
Most research focuses on open-loop pre-determined control using
steady/unsteady jets without consideration of the state of the flow
field. Examples of steady jet control techniques can be found in the
work of Eldredge and Bons (2004), Sondergaard et al. (2002), Erm
(2001), and Johnston and Compton (1992). In the case of unsteady
jet actuation, readers are referred to, for example, Hansen and Bons
(2006), Seifert et al. (2004), and Amitay and Glezer (2002b). In
majority, these studies target the steady or quasi-steady state per-
formance of lift enhancement and drag reduction at relatively low
chord Reynolds number (typically <0.5 million). Closed-loop airfoil
ll rights reserved.
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separation control has been studied at relatively low Reynolds
number by Tian et al. (2006) and Pinier et al. (2007), and on a gen-
eric separated configuration at a chord Reynolds number of 16 mil-
lion by Allan et al. (2000). Detailed studies concerning the transient
process of flow attachment and separation in response to a syn-
thetic jet actuator have been performed by Darabi and Wygnanski
(2004a,b), and Amitay and Glezer (2002a, 2006). More recently,
Mathis et al. (2009) performed a similar study using this time a
steady jet to provoke separation for enhancement of mixing. Ta-
ble 1 shows that the typical time scales that can be found in the lit-
erature for characterizing the attachment and separation processes
are quite different. In this table, the time denoted with a + super-
script is given in conventional non-dimensional values, i.e. non-
dimensionalized by the length of the separation zone Lsep and the
external velocity U1. In addition, it should be emphasized that,
for the two first configurations, the flow is naturally separated
and the actuation enforces flow attachment, whereas in Mathis
et al. (2009), the flow is naturally attached and then the actuators
promote separation.

So far, relatively little attention has been paid to the transient
aspects of the problem. However, this aspect is fundamental in
closed-loop control since the knowledge of the typical time scales
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Table 1
Typical separation/attachment time scales. In the definition of the momentum coefficient Cl; qj is the actuator flow density, Uj denotes peak jet velocity, Sj is the total area of the
actuators, q1 and U1 are the free stream density and free stream velocity respectively and, Sref is usually taken as the length of the body under consideration (e.g. chord, or flap
length) for two-dimensional configuration or total wing area for three-dimensional configuration.

Authors Amitay and Glezer (2002a) Darabi and Wygnanski (2004a) Mathis et al. (2009)

Test configuration Modified wing profile Generic flap Beveled splitter plate
Reynolds number 3:1� 105 1:24� 105 1:44� 105

(scaled by wing chord
and free stream velocity)

(scaled by flap length
and free stream velocity)

(scaled by bevel length
and free stream velocity)

Actuator type Synthetic jet Synthetic jet Steady jet

Cl ¼
qj U

2
j Sj

1
2q1U2

1Sref

3:5� 10�3 5� 10�4 to 8� 10�4 9� 10�2 to 2:2� 10�2

tþ (attachment) �9.5 16–70 5
(16 is the optimal value)

tþ (separation) �14 20 25

Fig. 1. FVGs installed at 30% of chord length.
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and the associated dynamical behavior of the entire process are
mandatory to act correctly on the flow. From the three examples
mentioned above, it appears that no universal value exists for the
attachment and separation length scales. These discrepancies can
be attributed to several factors. First, the physics of the processes
of separation and attachment are entirely dependent on whether
the initial state is attached or separated. Second, the method of
actuation is generally different for every study. However, the tran-
sient separation process may not depend on the specific character-
istics of individual actuators or actuation techniques. Thirdly, the
type of flow configuration (wing, flap or bevel) and the effects of
Reynolds number cannot be neglected, especially at low Reynolds
numbers (Seifert et al., 2004). Lastly, it should be emphasized that
the determination of the typical time scales is not straightforward
and can correspond to different definitions. One of the least-biased
definition of unsteady separation points has been provided by Hal-
ler (2004), where distributed pressure and skin-friction measure-
ments along the wall are used for this purpose. Here, since the
main focus is on the modeling of the wake dynamics, we will esti-
mate the time scales of the separation and attachment processes
from the first temporal modes calculated from the POD of condi-
tional averaged PIV data.

Reduced-order modeling is a vital enabler for developing
closed-loop control strategies (Collis et al., 2004). Indeed, since
the final objective is to perform real-time flow control of fully tur-
bulent flows, methods to enable reductions of the dimension and
complexity of the original problems are first necessary. In control
theory, a standard approach is to determine the transfer function
of the plant by system identification. It was used successfully in
Rapoport et al. (2003), where closed-loop control were applied
for vectoring by periodic excitation a turbulent jet. In turbulence,
a tool generally used for model reduction is the Proper Orthogonal
Decomposition or POD (Lumley, 1967). Another advantage of POD
is the possibility of deriving a dynamical system that accurately
represents the flow dynamics and that contains an actuation input
explicitly. This POD reduced-order model (POD ROM) can then be
used as a plant to determine an optimal (in a given sense) control
law (see Bergmann and Cordier, 2008, for an example). In practice,
the difficulty comes from the experiments, where despite the sig-
nificant progress made in the measurement techniques, determin-
ing a POD ROM remains a challenging task. For illustration, Ausseur
et al. (2006b) and Perret et al. (2006) succeeded in identifying POD-
based ROM with experimental data but only for uncontrolled con-
figurations. In short, the identification procedures consist of esti-
mating the coefficients of the dynamical system such that the
reduced-order model reproduces correctly the original actuated
dynamics. A summary of these calibration algorithms can be found
in a recent paper (Cordier et al., 2010), where the main different
algorithms are exemplified for the wake flow behind a circular cyl-
inder. Depending on the phenomenological behavior of the flow,
the dynamical systems can be first- or higher-order (Ausseur
et al., 2006b). Hereafter, the two-point velocity correlation tensor
has been used as kernel for the POD. This is the common choice
in the literature (Cordier and Bergmann, 2008a) but other kernels
can be used, such as correlation of vorticity (Kostas et al., 2005),
or correlation of the non-linear convection term in the Navier–
Stokes equations (Ausseur et al., 2006a). Moreover, for design of
the control system, real-time estimation of the states is required.
This is currently provided in experiments using linear stochastic
estimation (LSE). Essentially, with LSE, the statistical information
contained in the two-point correlation tensor is combined with
instantaneous information to estimate other fields (Adrian,
1996). Recently, a pressure sensor array has been used to estimate
flow fields by Pinier et al. (2007). Similarly, Stalnov et al. (2007)
used signals from a surface mounted hot-film array to estimate
the structures in the wake of a D-shaped profile. In summary,
POD reduced-order modeling and LSE could form the basis of a
control strategy for closed-loop separation control.

The current study concerns the transient dynamics of attach-
ment and separation over a NACA 0015 airfoil operating at a chord
Reynolds number of about 1 million in response to the deployment
and removal of an array of 44 steady pitched (30�) and skewed
(60�) fluidic vortex generators (FVGs) positioned at 30% of the
chord length c of the airfoil (see Fig. 1). The Reynolds number is
supposed sufficiently high to do not have significant effects on
the flow. The chosen flow condition is such that jet deployment
corresponds to complete flow attachment over the airfoil; jet re-
moval will cause flow separation up to an extent defined by the
uncontrolled separated state. This paper utilizes conditional PIV
to probe the transient flow dynamics. In particular, the FVGs are
pulsed at a frequency of 1 Hz in an ‘‘on–off” manner in order to en-
able conditional sampling for both experiments involving PIV and
hot wire anemometry. The objective of the current work is to pro-
vide a description of the physics of flow attachment and separation
in response to the deployment and removal of the FVGs. Focus is
placed on POD reduced-order modeling based on conditionally
averaged PIV data.
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This manuscript is organized as follows. Section 2 presents the
flow configuration, the experimental set-up of the PIV measure-
ments, and the processing which has been performed. Section 3
introduces the reduced-order model used for identifying the natu-
ral and actuated transient dynamics of the airfoil wake. Section 4
begins with a brief presentation of the results of the phase-averag-
ing for the jet deployment and jet removal processes. For these
transient flows, a POD analysis of the ensemble-averaged PIV data
is presented in Section 4.2. This includes: (i) a POD analysis of the
flow dynamics, (ii) an identification of a POD ROM for the actuated
flow and (iii) an estimation of the time scales of flow attachment
and separation from the temporal POD modes.
Fig. 3. Illustration of conditional PIV sampling to characterize the change of flow
state after FVGs deployment. A similar figure can be drawn for the removal of the
FVGs with tstart corresponding this time to the end of the trigger signal.
2. Experimental set-up and data analysis

2.1. Flow configuration and measurements

The closed-loop wind tunnel used for the study had a test sec-
tion size of 2.4 m (width) by 2.6 m (height) by 6 m (length). The
turbulence level is 0.5% at U1 ¼ 40 m=s. A 0.35 m chord, 2.4 m
span NACA 0015 airfoil model was installed in the test section.
To trip the boundary layer, different sizes of roughness were con-
sidered in Siauw (2008). Finally, a carborandum grit of 80 lm
was applied at 0.4% of the chord from the leading edge of the airfoil
which is before the laminar separation bubble. The test condition
corresponded to a chord Reynolds number of approximately 1 mil-
lion. Fluidic vortex generators were deployed through an array of
holes located at 30% chord of 44� 1 mm diameter orifices, spaced
15 mm apart in the spanwise direction. This array occupied the
central one third spanwise portion of the airfoil. As shown in
Fig. 1, the FVGs were pitched 30� and yawed at 60�. The peak veloc-
ity of the jets was set at about 200 m/s, corresponding to a Cl of
0.67%. The dynamics of the jets is fully quantified in Siauw
(2008) (see Chapter 4). The influence of the incidence angle on
the separation was carefully analyzed in Siauw (2008). It was
found that at 11� of incidence the separation was two-dimensional
with minimal vibration, thus giving a suitable and stable test con-
dition for reduced-order modeling. In addition, Lsep ¼ 0:3c for this
value of incidence.

To characterize the transients, the FVGs deployment system
must respond much faster than the characteristic times of attach-
ment and separation. This was achieved by installing four ASCO
solenoid valves (CM25-5W) inside the airfoil model, such that 11
orifices were controlled by each valve. These valves were capable
of an average response time (time to open/close the valve) of about
3 ms (Siauw, 2008). The valves were operated by controlling the
on/off state of a relay that was triggered via a square wave signal.
Fig. 2. Schematic of the PIV window in the airfo
To ensure fast circuit response, a solid state electronic type was
chosen for the relay. A LaVision PIV system was used to study
the transient dynamics of the wake (see Fig. 2) in response to flow
attachment and separation over the NACA 0015 airfoil via deploy-
ment and deactivation of the FVGs, respectively. The system soft-
ware synchronized laser pulsing and image acquisition from a
camera system with a resolution of 1350 by 1048 pixels using
the valve external trigger signal (1 Hz) for conditional sampling.
A laser pulsed with a time interval of 200 ls was used. The two
images, captured during the laser pulses, were cross correlated
successively starting from an interrogation window size of 64 by
64 pixels to a final size of 16 by 16 pixels with a 50% overlap ratio.
The uncertainty of the PIV measurements can be estimated from
pure statistics (Bendat and Piersol, 1971) or taking into account
the specificities of the PIV method, including the data processing
method (Stanislas et al., 2008). In the present experiments, the
resulting uncertainty based on second-moment statistics is esti-
mated to be of the order of 6%.

2.2. Post-processing

Starting with nomenclature, points of the experimental domain
are described in a Cartesian coordinate system, x ¼ ðx; yÞ, where
the x–axis is aligned with the flow and the y–axis with the trans-
verse direction (see Fig. 2). Similarly, the velocity field is denoted
by u ¼ ðu;vÞ, where u and v are components aligned with the x–
and y–direction. Following Reynolds and Hussain (1972), the flow
manipulated by time periodic on–off forcing can be written as:

uðx; tÞ ¼ �uðxÞ þ ~uðx; tÞ þ u0ðx; tÞ; ð1Þ

where �u is the time-independent mean flow, ~u is the quasi periodic
fluctuating component, u0 is the random fluctuating component,
and t represents time. The phase-averaged velocity is defined as
il wake. The incidence angle is fixed at 11�.
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uðx; tÞh i , �uðxÞ þ ~uðx; tÞ; ð2Þ

,
1

Ncycles

XNcycles�1

n¼0

uðx; t þ nT hiÞ; ð3Þ

where Thi is the phase period, and Ncycles is the number of cycles
used in the phase average.

Fig. 3 illustrates the conditional sampling technique employed
during FVGs deployment. In the current study, Thi ¼ Tcj, where
Tcj, the period of the square wave signal used to trigger the control
valves, was chosen to be sufficiently long for the flow to reach an
asymptotic steady state (Siauw, 2008). Moreover, in our case, 300
cycles were found sufficient (Siauw, 2008) to obtain converged
ensemble-averaged statistics. A total of Ns ¼ 40 time delays have
been used to resolve the change in flow structure in the wake
due to flow attachment or separation over the airfoil. Therefore,
the time t is discretized as

tj ¼ tstart þ sj with j ¼ 1; . . . ;Ns;

where for FVGs deployment, tstart corresponds to the start of the
trigger signal, whereas, for the FVGs removal, tstart corresponds to
the end of the trigger signal.
x/c
-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3

-0.35
-0.3

-0.25
-0.2

-0.15
-0.1

-0.05
0

y/
c

t+=0.464

-0.3
-0

-0.2
-0

-0.1
-0

-0.0

y/
c

x/c
-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3

-0.35
-0.3

-0.25
-0.2

-0.15
-0.1

-0.05
0

y/
c

t+=6.96

-0.3
-0

-0.2
-0

-0.1
-0

-0.0

y/
c

y/
c

-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3
-0.35
-0.3

-0.25
-0.2

-0.15
-0.1

-0.05
0

x/c

t+=8.82

-0.3
-0

-0.2
-0

-0.1
-0

-0.0

y/
c

-0.3
-0

-0.2
-0

-0.1
-0

-0.0

y/
c

x/c
-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3

-0.35
-0.3

-0.25
-0.2

-0.15
-0.1

-0.05
0

y/
c

t+=10.2

Fig. 4. Evolution of the ensemble-averaged mean streamwise veloc
Important information about the transient dynamics can be re-
trieved at each time delay by analyzing the ensemble-averaged
statistics of the 300 independent snapshots for each time delay.
Conditional POD can be applied to this data set according to:
huðx; tjÞi ¼ huðx; t1Þi þ
XNs¼40

n¼1

anðtjÞunðxÞ with j ¼ 1; . . . ;Ns; ð4Þ
where anðtjÞ and unðxÞ correspond respectively to the temporal and
spatial POD eigenfunctions. A dynamical system that describes the
uncontrolled or controlled flow can be deduced by projecting the
Navier–Stokes equations onto the POD modes via the Galerkin ap-
proach (Holmes et al., 1997; Cordier and Bergmann, 2008b). How-
ever, it is difficult to construct a reduced-order model describing
the flow transients during an experiment. Indeed, the control input
is in general not explicitly included in the POD expansion (4) unless
using some specific approaches such as the control function method
(Bergmann et al., 2005). An alternative is an identified forcing term
for the actuation effect in the Galerkin system (Luchtenburg et al.,
2009).
0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3
5

.3

5
.2
5

.1
5
0

x/c

t+=11.1

-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3
5

.3

5
.2
5

.1

5
0

x/c

t+=12.1

-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3
5

.3
5

.2
5

.1
5
0

x/c

t+=12.5

-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3
5

.3

5
.2
5

.1
5
0

x/c

t+=16.3

ity ðhui=U1Þ in the airfoil wake during the attachment process.
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3. ROM of conditional averaged data

In practice, the use of the control function method (Bergmann
et al., 2005) has two drawbacks. Firstly, it is necessary to determine
specifically one or more actuation modes. Secondly, the POD ROM
is then non-linear and it is thus impossible to use directly the tools
of linear control (Burl, 1999, for instance). Thirdly, the ensemble-
averaging procedure expressly removes the driving fluctuations
which act on the base flow transients as Reynolds stresses (Tadmor
et al., in press). For these reasons, we will identify a dynamical sys-
tem from PIV data. We postulate the most simple system structure
consistent with phenomenology i.e. a stable linear time-invariant
natural base flow dynamics with a linear forcing term:

daiðtÞ
dt
¼
XNgal

j¼1

Aij ajðtÞ þ Bi bðtÞ; ð5Þ

where Ngal is the number of POD modes conserved in the model. A
good choice for the value of Ngal can be based on the POD conver-
gence (see Fig. 9). In (5), Aij and Bi are the coefficients associated
with the temporal modes and suitably scaled control command,
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Fig. 5. Evolution of the ensemble-averaged turbulent shear stress
respectively. For bðtÞ, several choices are possible: command signal
of the solenoid valves, velocity measurements of the FVG, . . .In the
current work, bðtÞ is approximated by the velocity fluctuations from
a hotwire positioned 3 mm from an FVG orifice with the tunnel
operating. Indeed, it was shown in Siauw, 2008 that the time evolu-
tions of the hotwire signal and of the square wave signal used to
trigger the control valves are in very good agreement. Then,
employing one in place of the other does not have any significant
influence. For determining the coefficients Aij and Bi from the
known ajðtÞ and bðtÞ, standard identification methods have been ap-
plied (Cordier et al., 2010). Rigorously, the domain of validity of the
model is then restricted to the range of parameters used for the
identification (same values of free stream velocity and angle of inci-
dence, in particular). However, we have good reasons to believe that
the qualitative behavior (forced damped linear system) remains the
same for a large class of pre-stall parameters. Once the linear coef-
ficients ðAij and BiÞ are determined, we can simulate the system
dynamics by integrating (5) in time. A 5th order Runge–Kutta inte-
gration scheme was used for numerical integration. Such a model is
useful as an exploratory test-bed to study the transient dynamics if
there are changes to the initial condition and actuation signal.
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1Þ in the airfoil wake during the attachment process.
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4. Unsteady behaviour

4.1. Changes in mean and turbulent velocity fields

The conditional averaging process allows for the analysis of the
time evolution of the wake. This time evolution is obtained from
(3).

4.1.1. Attachment phase
When the FVGs are deployed, it can be observed from the con-

tours of hui=U1 velocity plotted in Fig. 4 that the wake starts to
undulate between tþ ¼ 6:96 and 8.82. This first phase of dynamics
is not characterized by an increase in the width of the wake. The
wake starts to widen from tþ ¼ 8:82 to tþ ¼ 10:2; this increase is
rapid and progresses from the upstream to downstream position.
This interval corresponds to the initial increase of drag associated
with the ‘‘starting vortex” passage observed by several authors
(e.g., Amitay and Glezer, 2002a). From tþ ¼ 10:7 to 13.5 (see Siauw
(2008), for more time instants than those presented in Fig. 4), the
wake reduces in size progressively from upstream to downstream.
Thereafter, the wake tends asymptotically to the final reduced
width. During the whole process, the velocity in the region of the
wake axis has been redistributed such that the initially higher
velocity deficit at x=c ¼ �0:3 is reduced (i.e. higher velocity) and,
conversely, the initially lower velocity deficit at x=c ¼ �0:9 is in-
creased (i.e. lower velocity). The estimated drag coefficients, deter-
mined from hot wire measurements, are consistent with the
observation of increase in wake width (increase in Cd) followed
by a decrease in width (decrease in Cd). The transient phenomenon
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Fig. 6. Evolution of the ensemble-averaged mean streamwise veloc
is also related to the complex turbulence behavior depicted in
Fig. 5, in which the shear stress hu0v 0i contours are plotted. The
shear stress is more intense in the upstream position at
tþ ¼ 0:464 (i.e., before the effects of the jet deployment is felt).
From tþ ¼ 6:96 to 8.82, the shear stresses increase in intensity in
the downstream direction. At tþ ¼ 10:2, the high shear stress re-
gion begins to decrease from the upstream direction. The negative
shear stress region (wake bottom) has been evacuated from the PIV
window more quickly than the positive shear stress regions (wake
top); this occurs from tþ ¼ 11:1 to 13.9. Finally, if we consider the
shear stress profiles in the normal direction at x=c ¼ �0:85, it can
be shown (Siauw, 2008) that, relative to the value at tþ ¼ 0:464,
the shear stress increases by more than 50% during the transient
and decreases by about 50 attached over the airfoil.

4.1.2. Separation phase
When the FVGs are deactivated, the flow starts to separate and

returns to its baseline condition. The mean streamwise velocity
contours are plotted in Fig. 6. The velocity field shows a gradual
enlargement of the wake and an upward shift of the wake axis,
which is similar to what was encountered for the jet activation
process. However, the undulation (wave like behaviour) observed
in the attachment phase is no longer present in the wake. Thus,
the passage of large eddies with spatial scales larger than that of
the uncontrolled vortex street in the downstream direction is prob-
ably not present. This statement is substantiated in the analysis of
the turbulent shear stress plotted in Fig. 7. The axis of the wake can
be determined by the line of zero shear at the interface of the po-
sitive upper and negative lower regions. Unlike the case of jet
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deployment (see Fig. 5), undulation in the line of zero shear is ob-
served during the transient. Based on the contour levels along the
wake axis (Siauw, 2008), the velocity deficit decreases at the
downstream position at x=c ¼ �0:85. The inverse is observed at
the upstream position at x=c ¼ �0:3. The movement of the wake
axis proceeds by a slight downward movement followed by a grad-
ual upward movement towards its asymptotic position. The esti-
mated drag coefficients using the curve-fitted wake profiles (not
presented here, see Siauw (2008), for details) show that there is
a slight decrease followed by a gradual increase. The decrease in
Cd is due to a decrease in the size of the wake between tþ ¼ 11:8
and 13.6. This is significantly different from the jet deployment
process, during which there is a rapid increase in Cd before it re-
duces to its asymptotic level with a lower Cd compared to the
uncontrolled state.
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Fig. 7. Evolution of the ensemble-averaged turbulent shear stress

Fig. 8. Two first POD modes (u-componen
4.2. POD analysis

First we analyze the time instant at tþ ¼ 0:464 when the wake
has not yet been influenced by the deployment of the FVGs. This
will serve as a reference for the dynamical system analysis. Fig. 8
reveals the length scales associated with vortex shedding in the
wake for the first and second modes of the POD. A length scale cor-
responding to 0:18c and 0:36c can be determined from the first
and second modes, respectively.

For the transient dynamics study, the modes are constructed
with respect to the initial state of the flow ðtþ ¼ 0:464Þ. Thus, the
spatial modes are interpreted as changes with respect to the con-
ditional averaged velocity field at tþ ¼ 0:464 and not interpreted
in the usual sense of a turbulent fluctuation. As shown in Fig. 9,
there is a rapid convergence of the cumulative POD eigenvalues,
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the so-called relative information content (see Cordier and Berg-
mann, 2008a) for the attachment and separation processes. Indeed,
four modes are sufficient to capture 98% of the flow transient en-
ergy during jet deployment (Fig. 9a) and 99% of the energy during
jet removal (Fig. 9b). The POD ROM will then be identified for the
first four modes. The corresponding spatial POD modes are shown
in Fig. 10 for the FVGs deployment. Spatial mode 1 corresponds to
the mode that is responsible for the change in state from a larger
wake to a smaller wake. It can be viewed as the dominant mode
that modifies the momentum distribution in the region of the
uncontrolled wake axis into that of the controlled wake. In the pro-
cess, the size and position of the wake axis will be modified. Mode
2, which manifests itself as a large eddy, could be interpreted as
the mode that causes the flow to displace slightly upwards before
directing the flow downwards. Mode 3 is interpreted as the distor-
tion of the conditional averaged velocity field due to the passage of
large eddies. The reader is referred to Siauw (2008) for the spatial
POD modes for the jet removal process.

Four modes have been used to model the transient processes.
The temporal POD modes aiðtÞ (i ¼ 1–4) as shown in Fig. 11 for
the jet deployment process are substituted into (5). The accelera-
tion term dai=dt is computed by a first-order finite difference
approximation; thus, we have an over-determined set of linear
Eqs. (40 linear constraints to determine five variables) for each
mode. The coefficients Aij and Bi are then solved by the method
of least squares. The control command bðtÞ, measured by a hotwire
at the exit of the jet orifice, has been used with a time delay asso-
ciated with the convection time for the signal to reach the PIV win-
dow. This time delay is approximated by taking the total distance
from the position of the orifice to the mid position of the PIV win-
dow and considering a convection velocity inferred by a cross-cor-
relation analysis (Siauw, 2008). The time delay is equivalent in
non-dimensional units to tþ ¼ 4:76. The identified model (5) is
then integrated in time over a period equal to 40 (in plus units)
with zero initial conditions. In comparison, the period of actuation
corresponds roughly to five times the period of integration of the
model. As shown in Fig. 11, the modeled temporal modes aiðtÞ,
determined by integration of (5), and those obtained from POD
are in close agreement for all the POD modes. Clearly, the first tem-
poral POD mode (Fig. 11a) describes a change between two states
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Fig. 9. Convergence of the POD modes for the attachment and separation processes.
ki corresponds to the ith POD eigenvalue.
(jet activated and deactivated states) justifying a posteriori the use
of a first-order system for the model (5). Here, the corresponding
time-constant is determined as the time instant when the variable
reaches 90% of the asymptotic value. Keeping in mind the value of
the time delay, a typical time tþ � 10 can be attributed to the jet
activation process. The second POD mode, which peaks at
tþ ¼ 10:2, describes the movement of a virtual large eddy (2nd spa-
tial mode) that starts to appear at about tþ ¼ 6:69 and diminishes
to a small but constant value at tþ ¼ 15. For the jet removal pro-
cess, a similar good agreement is found between the identified
model and the original POD dynamics (Siauw, 2008), with only lar-
ger deviations for the fourth POD mode. In this case, a time-con-
stant approximately equal to tþ ¼ 20 is determined to complete
Fig. 10. Plot of the in-plane streamlines (blue) and vector plot (red) of spatial
modes from the conditional POD for the jet deployment process. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)



Fig. 11. Plot of the temporal modes from the conditional POD for the jet deployment process compared to the modeled coefficients using a first order response function. The
period of ‘‘on–off” actuation is approximately equal to 381 (in plus units). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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the change in state of the first mode. This is twice the value found
in the deployment case. The second mode describes the initial
downward movement of the wake before moving back upwards.
This can be observed by analyzing the ensemble-averaged mean
spanwise velocity in the wake axis region (see Siauw, 2008). The
contour level at the wake axis becomes more negative (from
tþ ¼ 4:52 to 13.6) before assuming less negative values (from
tþ ¼ 13:6 to 36.2). Clear similarities are observed in the first and
second modes (both spatial and temporal) when compared with
the jet deployment case. Thus, the transient dynamics for these
two different flow control processes, both of which describe a
change between two states, are similar when tþ are scaled by the
respective time intervals for the transient processes.
5. Concluding remarks

The transient dynamics of attachment and separation over a
NACA 0015 airfoil at high Reynolds number were studied in re-
sponse to activation and deactivation of an array of fluidic vortex
generators. The flow of the near wake is analyzed via conditional
PIV measurements. The attachment process shows a strong tran-
sient effect associated with the passage of a starting vortex see
(Siauw, 2008) for the determination and analysis of the spanwise
vorticity. On the other hand, when the FVGs are deactivated, a
more progressive separation process is observed. In the current
work, conditional POD analysis of ensemble-averaged PIV velocity
fields is used to determine the time scales of the attachment and
separation processes. A rapid POD convergence is obtained in both
processes, requiring only four POD modes to capture at least 98% of
the flow transient energy. Analysis of the first temporal POD mode
provides estimates of the typical dimensionless time scale for
attachment of tþ � 10. It should be noted that this value is in
agreement with the airfoil experiment of Amitay and Glezer
(2002a), but less comparable with the ramp results of Darabi and
Wygnanski (2004a). The discrepancy with the second reference
can be attributed both to Reynolds number and geometric effects.
In contrast, the time interval for separation ðtþ � 20Þ when the jets
are deactivated lies within the results presented in Table 1, sug-
gesting this time scale is approximately independent of actuator
dynamics, geometry, and Reynolds number.

Clearly, the presented open-loop model can be used for explora-
tion and closed-loop control design. In fact, this closed-loop design
with an initially open-loop model has been exercised in a couple of
experiments by the authors (Pastoor et al., 2008, 2006).
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