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Harnessing resonant interactions for active control
of separated flows

By R. B. Kotapati†, R. Mittal†, O. Marxen, D. You, V. Kitsios‡, A. Ooi‡
AND J. Soria¶

Direct simulations are carried out in a flow configuration devised for investigating
zero-net-mass-flux (or synthetic) jet based active separation control. The numerical con-
figuration consists of an airfoil section at zero incidence in a free-stream. A separation
bubble of prescribed size is created on the top surface of the airfoil at the aft-chord
location by applying blowing and suction on the top boundary of the computational
domain. Such separated flows are generally characterized by three distinct time scales
corresponding to the shear layer, the separation zone, and the vortex shedding in the
wake; therefore the resulting flowfield can be considered as a canonical separated air-
foil flow. Simulations of this flow over two different airfoil sections at a chord Reynolds
number of 60, 000 subject to zero-net-mass-flux (ZNMF) perturbation of the boundary
layer at different characteristic time scales are presented. Simulations of the flow over an
elliptic airfoil indicate that ZNMF forcing at a frequency corresponding to the separation
zone or the shear layer draws a better response as compared to excitation at the wake
vortex-shedding frequency. Results also show that locating the ZNMF device at the sep-
aration point leads to a more effective separation control, whereas ZNMF forcing inside
the separation bubble does not significantly alter the baseline separated flow. Results
from the second set of simulations over a flat plate with elliptic leading edge and blunt
trailing edge indicate that the entire system comprised of the shear layer, the separation
zone, and the wake is locked on to a single frequency.

1. Introduction

A novel numerical configuration for investigating active separation control of canonical
separated flows was earlier proposed by Mittal et al. (2005). Using this configuration, a
separation bubble of prescribed size can be created at a desired location on the upper
surface of an airfoil at zero incidence by imposing an adverse pressure gradient through
blowing and suction on the top boundary of the computational domain. Mittal et al.
(2005) used two-dimensional simulations of this configuration without separation control
to show that these canonical separated airfoil flows are characterized by three distinct
time scales corresponding to the shear layer, the separation zone, and the vortex shed-
ding in the wake. The resonant interaction between these different scales is dependent
on the distance between the separation zone and the trailing edge. Kotapati et al. (2006)
performed numerical experiments of this configuration with mid-chord separation sub-
ject to synthetic jet based separation control at a Reynolds number of 60,000. They used
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two-dimensional simulations with ZNMF perturbation of the boundary layer with various
frequencies and duty cycles with a fixed jet velocity VJ . The current work is an extension
of the study by Kotapati et al. (2006) and considers synthetic jet based separation con-
trol of aft-chord separation. The separation zone downstream of aft-chord separation is
expected to draw considerable influence from the wake due to its proximity to the wake
vortex shedding. Therefore, the study of aft-chord separation and its control is important
for understanding the trailing-edge stall of low-pressure turbine (LPT) blades, pitching
airfoils in rotordynamics, etc.

The key operational parameters in a ZNMF device are the jet frequency fJ and the
characteristic jet velocity VJ . As expected, the control authority has been found to vary
monotonically with VJ up to a point where a further increase would lead to complete
disruption of the boundary layer (Seifert et al. 1996, 1993; Glezer & Amitay 2002) and
therefore, there is a little leeway for optimizing the ZNMF device with respect to VJ .
On the other hand, the control authority has a highly non-monotonic variation with
fJ (Greenblatt & Wygnanski 2003; Seifert & Pack 2000). This not only suggests the
presence of rich flow physics and multiple flow mechanisms, but also offers the potential
for optimizing the control scheme with respect to fJ . Also, Pack et al. (2002) have found
that low frequency amplitude modulation (AM) of the high resonant frequency of a
ZNMF device requires approximately 50% less momentum input to achieve the same
performance gains.

Key issues that require systematic study are optimal excitation frequencies and wave-
forms, pressure gradient, and curvature effects in separated flows characterized by con-
vective and/or global instabilities. Past approaches to studying these issues have mostly
employed conventional airfoil geometries where the flow separation is produced by varying
angle-of-attack and/or free-stream velocity. Although this approach is obviously grounded
in practical reality, it is not amenable for a precise investigation and delineation of the
various physical mechanisms that are potentially implicated in active separation control.
For instance, consider flow over an airfoil at incidence where separation occurs at some
location downstream of the leading edge, and the separated shear layer may or may not
reattach before the trailing edge. If the flow reattaches before the trailing edge, there are
potentially three distinct frequency scales: fSL , the frequency of the roll-up of the shear
layer into Kelvin-Helmholtz type vortices; fsep , the frequency scale corresponding to
the regular expulsion of large vortices from the separated region; and fwake , the vortex
shedding frequency in the wake.

For a shear layer that separates from and reattaches to a solid surface, the presence of
a near-wall reversed flow region permits upstream propagation of disturbances and alters
the stability characteristics of the shear layer. In this case, the frequency corresponding to
the separated region scales as fsep ∼ U∞/Lsep, where Lsep is the characteristic length of
the mean separation bubble. The wake shedding frequency, however, is active for all cases
and due to its global effect, probably plays some role in the dynamics of the flow. The
scaling for Kármán vortex shedding due to Roshko (1954) is fwake ∼ U∞/Wwake, where
Wwake is the width of the wake, and this scaling is fundamentally different from that of
fsep. For a shear layer that separates and does not reattach, the shear layer instability
frequency plays an important role. This frequency scales more like that of a free shear
layer (see Ho & Huerre 1984), i.e., fSL ∼ Ū/θ, where Ū is the average velocity across
the shear layer, and θ is the momentum thickness. In order to examine the scaling of
these frequencies as well as their potential non-linear interactions, it would be extremely
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Figure 1. Schematic of the flow configuration (not to scale).

useful to separately prescribe the extent and location of the separation bubble as well as
the Reynolds number.

2. Flow configuration

A schematic of the flow configuration is shown in Fig. 1, and consists of an airfoil
section with chord c at 0◦ angle-of-attack in a free-stream. The origin of the global
coordinate system (xo, yo) is fixed at the lower left-hand corner of the computational
domain that measures Lx and Ly in xo and yo directions, and the origin of the local
coordinate system (x, y) is at the leading edge of the airfoil. A separation bubble of
prescribed size is induced at the aft-chord location on the upper surface of the airfoil
by applying an adverse pressure gradient through blowing and suction on the upper
boundary of the computational domain. Following Na & Moin (1998), we prescribe a
zero-vorticity boundary condition of the following form on the upper boundary:

v(xo, Ly) = G(xo),
∂u

∂yo

∣∣∣∣
(xo,Ly)

=
dG

dxo
, (2.1)

where G(xo) is the prescribed blowing and suction velocity profile, and the Neumann
boundary condition on u ensures that no spanwise vorticity (ωz) is generated due to
blowing and suction. The function G(xo) allows us to prescribe the location as well as
the streamwise size of the separation region. In this study, G(xo) is of the form:

G(xo) = −Vtop sin

(
2π(xo − xc)

L

)
e−α( 2(xo−xc)

L )
β

, (2.2)

where xc is the center of the blowing and suction velocity profile in the global system and
L is the length of the profile (see Fig. 1). The parameters Vtop, α and β are set to 0.8U∞,
10 and 20, respectively. It should be noted that the lower boundary is also assumed to be
a zero-vorticity wall with no blowing or suction. This configuration serves the following
purposes: (1) It is simple and includes all the features of a canonical separated flow
such as the leading edge boundary layer inception, open/closed suction side separation,
and a wake that includes vortices from the suction and pressure sides; (2) It allows for
independent prescription of the location and size of the separation region as well as the
Reynolds number; and (3) It permits independent prescription of the adverse pressure
gradient without the confounding effect of curvature. The above configuration helps us
to examine the non-linear interactions between the shear layer, separation region, and
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airfoil wake, with or without separation control, in the absence of the effects of curvature.
In this study, two different airfoil sections are considered: one is a 2% thick elliptic airfoil
and the other is a 5% thick flat plate with 8 : 1 elliptic leading edge and blunt trailing
edge. While the 2% thick elliptic airfoil produces a slender wake, the flat plate with blunt
trailing edge is intended to create a bluff-body wake.

3. Numerical methodology

The flow field is modeled by unsteady incompressible Navier-Stokes equations in prim-
itive variables (velocity and pressure), written in tensor form as

∂ui
∂xi

= 0 (3.1)

∂ui
∂t

+
∂uiuj
∂xj

= −1

ρ

∂p

∂xi
+ ν

∂2ui
∂xj∂xj

(3.2)

where the indices, i = 1, 2, represent the x and y directions, respectively, t is the time,
ν is the kinematic viscosity, p is the pressure, and the components of the velocity vector
u are denoted by u and v. The equations are non-dimensionalized with the chord length
c and the free-stream velocity U∞, and integrated in time using a two-step second-order
accurate fractional step method. In the first step, the momentum equations without the
pressure gradient terms are advanced in time. In the second step, the pressure field is
computed by solving a Poisson equation. A second-order Adams-Bashforth scheme is
employed for the convective terms while the diffusion terms are discretized using an
implicit Crank-Nicolson scheme, which eliminates the viscous stability constraint. The
pressure Poisson equation is solved with an efficient multi-grid method.

The flowfield over the elliptic airfoil is obtained using a Cartesian grid based immersed
boundary solver. In this solver, a multi-dimensional ghost-cell methodology (GCM) is
used to incorporate the effect of the immersed boundary on the flow. The general frame-
work can be considered as Eulerian-Lagrangian, wherein the immersed boundaries are
explicitly tracked as surfaces in a Lagrangian mode, while flow computations are per-
formed on a fixed Eulerian mesh. See Dong et al. (2006) for detailed implementation of
the ghost-cell method. The flowfield over the flat plate with elliptic leading edge and
blunt trailing edge is obtained using CDP, an unstructured grid finite-volume based flow
solver (Mahesh et al. 2004) being actively developed at the Center for Turbulence Re-
search, Stanford University. A key feature of this solver is that it uses central differences
for spatial discretization and constrains the numerical scheme to discretely conserve not
only mass and momentum, but also kinetic energy. This approach minimizes nonlin-
ear instabilities that might arise from the complete absence of numerical dissipation at
coarse-grid resolutions.

4. Simulation overview

All simulations reported in the current study are carried out at a Reynolds number
Re (based on the free-stream velocity and chord length) of 60, 000. In the immersed
boundary simulations of flow over an elliptic airfoil, a Cartesian grid with 640 × 220
mesh points is used. Aft-chord separation is induced on the upper surface of the airfoil
by prescribing blowing and suction over 0.5 ≤ x/c ≤ 1.0 on the top boundary of the
computational domain. First, the uncontrolled version of this flow configuration with
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Case Forcing frequency fJ ZNMF location xJ/c
1.1 No forcing –
1.2 1.5U∞/c 0.44
1.3 4.0U∞/c 0.44
1.4 (4.0± 1.5)U∞/c 0.44
1.5 14.0U∞/c 0.44
1.6 (14.0± 1.5)U∞/c 0.44
1.7 1.5U∞/c 0.64

Table 1. Various cases considered using the immersed-boundary method V0 = 0.1U∞.

aft-chord separation is simulated to determine the three different frequency scales: fSL,
fsep, and fwake. These characteristic frequencies are determined by computing power
spectra of time-series of v-velocity in the shear layer, the separated region, and the wake
(see Fig. 2). Simulations are then carried out with ZNMF perturbation of the boundary
layer at various frequencies detailed in Table 1. The effect of the ZNMF device is modeled
by prescribing a localized oscillatory normal velocity of the form VJ(t) = V0 sin(2πfJ t)
with V0 = 0.1U∞ over a length of 0.01c on the upper surface of the airfoil. Two stream-
wise locations are considered on this airfoil for ZNMF forcing: one just upstream of the
separation location and the other at the center of the separation bubble. The motivation
for the latter case comes from the need to study the response of the separated flow as
the separation point, which is initially downstream of the ZNMF jet location, gradually
moves upstream of ZNMF forcing during the trailing edge stall of an airfoil. Two cases of
amplitude modulation that use a forcing of the form VJ(t) = V0 sin(2πfAM t) sin(2πfct),
where fAM < fc, are also considered.

In the unstructured grid simulations of flow over the flat plate, the mesh is composed
of approximately 125,000 cells. Aft-chord separation is induced by prescribing blowing
and suction over 0.7 ≤ x/c ≤ 1.3 on the top boundary of the computational domain.
Rather than simply model the ZNMF jet by prescribing a localized oscillatory normal
velocity on the flat plate, we capitalize on the unstructured grid methodology in CDP to
simulate the flow inside the ZNMF device. The ZNMF “device” consists of an orifice of
width d = 0.0065c and height h = d connected to an internal cavity of width W = 13d
and height H = 4d. The inner lip of the orifice is rounded to prevent the formation
of vena contracta as the flow enters the orifice from the cavity. First, the flow over the
plate without the ZNMF device is simulated to determine the separation location of the
boundary layer. The ZNMF “device” is then included at the point of separation, and it
is found that the inclusion of an inactive ZNMF device open to the external cross-flow in
the uncontrolled simulation does not change the separation location. The characteristic
velocity of the jet is given by

V̄J =
2

AT

∫ T/2

0

∫

A

ve(x, t)dA dt,

where ve(x, t) is the y component of the velocity at the exit plane of the orifice, A is the
cross-sectional area of the orifice, and T = 1/fJ is the time period of the synthetic jet
cycle. A value of 0.1 is obtained for the ratio V̄J/U∞ at the jet-exit plane by requiring
V̄J/U∞ = 0.1 in the expression for oscillatory velocity of the form
(π/2)(V̄J/U∞)(d/W ) sin(2πfJ t) prescribed at the bottom of the cavity. Simulations with
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Case Forcing frequency fJ ZNMF location xJ/c
2.1 No forcing –
2.2 1.5U∞/c 0.625
2.3 3.0U∞/c 0.625
2.4 6.0U∞/c 0.625
2.5 9.0U∞/c 0.625

Table 2. Various cases considered using the unstructured grid method V̄J = 0.1U∞.
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Figure 2. Plot of instantaneous spanwise vorticity (ωzc/U∞) and mean streamlines for Case 1.1.
The plot also shows “probe” locations where the time series of cross-stream velocity is recorded
for spectral analyses.

separation control are carried out with ZNMF perturbation of the boundary layer at
various frequencies detailed in Table 2.

5. Results and discussion

5.1. Flow control over elliptic airfoil

Figure 2 showing the contour plot of instantaneous spanwise vorticity (ωzc/U∞) and
mean streamlines for Case 1.1 clearly delineates the distinct features present in the flow-
field. The boundary layer on the suction side loses momentum due to adverse pressure
gradient induced by blowing and suction on the top boundary, separates at the location
where the suction becomes active and starts rolling up into Kelvin-Helmholtz (KH) type
vortices. These small-scale vortical structures coalesce and form larger vortices in the
separated region. When these large vortices are of some appropriate size, they are peri-
odically released from the separation zone, and travel downstream to disrupt the Kármán
vortex shedding in the wake. The separation occurs at xsep/c = 0.442 from the leading
edge, and the streamwise length (Lsep) and height (Hsep) of the mean separation bub-
ble are estimated to be 0.406c and 0.045c, respectively. Power spectra corresponding to
temporal variations of the cross-stream velocity v in the shear layer, the separation zone
and the wake are used to estimate the characteristic frequencies fSLc/U∞, fsepc/U∞,
and fwakec/U∞ to be 4.0, 1.5, and 14, respectively.

The baseline uncontrolled flow in Case 1.1 is subject to ZNMF forcing from t = 80c/U∞
at various frequencies detailed in Table 1. Contours of instantaneous spanwise vorticity
(ωzc/U∞) and corresponding mean streamline patterns for Cases 1.2–1.7 are shown in
Figs. 3(a)–3(f ), respectively. It is evident from these plots that ZNMF forcing at fsep,
fSL, or using amplitude modulation of fSL by fsep (Cases 1.2–1.4) yields a positive
response with the separated shear layer reattaching to the airfoil surface over a significant
portion of the chord. This is also evident in the streamline patterns that show a significant
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(f) Case 1.7, fJ = fsep at x = 0.64

Figure 3. Plots of instantaneous spanwise vorticity (ωzc/U∞) and mean streamlines for
Cases 1.2–1.7. The location of ZNMF forcing is indicated by a “post” on the suction side.

reduction in the height of the mean separation bubble. However, on the other hand, as
shown in the contour plots of instantaneous vorticity for Case 1.5 and Case 1.6 (Figs.
3d and 3e), ZNMF forcing at a high wake frequency or amplitude modulation of fwake
by fsep has very little or no effect on the separation process. Also, the separation bubble
portrayed by mean flow streamlines for these cases is of the same size as the separation
bubble in the uncontrolled flow. This can be attributed to the fact that forcing at high
frequencies only generates higher harmonics via the non-linearity of the Navier-Stokes
equations rather than subharmonics and this subsequently leads to damping out of the
perturbations.

In order to study the dependence of the control authority on the streamwise location
(xJ) of the ZNMF device, the ZNMF forcing at fsep is moved downstream to xJ/c = 0.64
in Case 1.7. The station xJ/c = 0.64 approximately corresponds to the center of the time-
averaged separation bubble obtained in Case 1.1. Contours of instantaneous spanwise
vorticity and mean streamline patterns shown for this case in Fig. 3(f ) indicate that
the ZNMF perturbation inside the separation bubble is not effective in reattaching the
separated flow, thereby leaving the dynamics of separated region mostly unchanged.
The location of separation (xsep/c), and the length (Lsep) and the height (Hsep) of the
separation bubbles obtained over the elliptic airfoil for various cases are summarized in
Table 3. Based on the condition of maximal flow attachment as measured by the mean
surface shear stress, Case 1.4 results in optimal control.

5.2. Flow control over flat plate

Figure 4 shows the mean streamline pattern superimposed on contours of instantaneous
spanwise vorticity obtained for Case 2.1 using CDP. The shear layer on the suction side
separates at x/c = 0.646 and directly rolls up into large vortices without any subharmonic
pairing. The vortices shed from the suction side trailing edge are smaller than those shed
from the pressure side due to cutoff of the supply of vorticity to the near-wall region
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Case xsep/c Lsep/c Hsep/c
1.1 0.442 0.406 0.045
1.2 0.504 0.213 0.011
1.3 0.501 0.228 0.008
1.4 0.489 0.190 0.010
1.5 0.442 0.400 0.045
1.6 0.442 0.406 0.044
1.7 0.442 0.412 0.045

Table 3. Location and size of the separation bubble for Cases 1.1–1.7.
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Figure 4. Plot of instantaneous spanwise vorticity (ωzc/U∞) and mean streamlines for Case 2.1.
The plot also shows “probe” locations where the time series of cross-stream velocity is recorded
for spectral analyses.
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Figure 5. Temporal variations of the cross-stream velocity in (a) the shear layer, (b) the
separation zone, and (c) the wake for Case 2.1.

downstream of separation and subsequent redirection to large-scale vortices formed in
the separated region. The length (Lsep) and the height (Hsep) of the mean separation
bubble measure 0.308c and 0.029c, respectively. Figure 5 shows temporal variations of
cross-stream velocity v in the shear layer, the separation zone, and the wake for Case 2.1.
The power spectra in Fig. 6 corresponding to these temporal variations show that the

shear layer, the separation zone, and the wake are all locked on to a single frequency
fc/U∞ of around 3.0. We then use this lock-on frequency and its harmonics as shown in
Table 2 to force the ZNMF jet at the point of separation.

Figures 7(a)–(d) show mean streamlines superimposed on contours of instantaneous
spanwise vorticity for Cases 2.2–2.5, respectively. It is clear that forcing the shear layer
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Figure 6. Power spectra corresponding to temporal variations of the cross-stream velocity in
the (a) shear layer, (b) the separation zone, and (c) the wake for Case 2.1.
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Figure 7. Plots of instantaneous spanwise vorticity (ωzc/U∞) and mean streamlines for
various cases. The location of ZNMF forcing is shown by a “post” on the suction side.

at the lock-on frequency or its first sub- or super-harmonic reattaches the shear layer to
the airfoil surface and delays separation farther downstream, besides reducing the height
of the separation bubble significantly. The power spectra for Case 2.2 in Figs. 8(a)–(c)
show that forcing at fJc/U∞ = 1.5 causes the shear layer and the separation zone to
decouple from the wake instability and lock on to the superharmonic (i.e., 4.5U∞/c) of
the forcing frequency. The same is observed for forcing at the lock-on frequency (see
Figs. 8d–f ) with both the shear layer and the separation zone resonating at 6.0U∞/c.
However, when the shear layer is forced at 6.0U∞/c, as shown in Figs. 8(g)–(i), the entire
system changes its state and locks on to the forcing frequency. Forcing the shear layer
at a higher superharmonic (fJc/U∞ = 9.0) appears to amplify Kelvin-Helmholtz type
instabilities in the separated shear layer (see Fig. 7d) leading to subharmonic pairing in
the separated region. As shown by the streamlines, this process further deteriorates the
separated region rendering ZNMF forcing ineffective. The power spectra in Figs. 8(j )–(l)
show that fsep and fwake are the same as those for the uncontrolled case.

Finally, we examine the distribution of mean skin-friction coefficient on the suction side
of the flat plate for Cases 2.1–2.5 shown in Fig. 9. In these plots, points of separation and
reattachment are identified by the vanishing of wall shear stress. Distributions for Cases
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Figure 8. Power spectra corresponding to temporal variations of cross-stream velocity v in
the shear layer, the separation bubble, and the wake for Cases 2.2–2.5.

2.1 and 2.5 indicate the presence of secondary separation (and reattachment) within the
primary separation bubble. Among the four controlled cases considered, Case 2.4 yields
optimal control or maximum flow attachment as measured by the mean surface shear
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Figure 9. Distribution of skin-friction coefficient on the suction side for Cases 2.1–2.5.
No forcing, fJU∞/c = 1.5, fJU∞/c = 3.0, fJU∞/c = 6.0,

fJU∞/c = 9.0.

Case xsep/c Lsep/c Hsep/c
2.1 0.646 0.308 0.029
2.2 0.691 0.236 0.015
2.3 0.693 0.249 0.011
2.4 0.689 0.202 0.010
2.5 0.653 0.314 0.031

Table 4. Location and size of the separation bubble for Cases 2.1–2.5.

stress. The location of separation (xsep/c), and the length (Lsep) and the height (Hsep)
of the mean separation bubbles over the flat plate for various cases are summarized in
Table 4.

6. Conclusions and future work

Time-accurate, two-dimensional simulations are carried out in a flow configuration de-
signed to investigate ZNMF jet based separation control in a canonical separated airfoil
flow. Aft-chord separation is induced on the suction side of two different airfoil sections
at zero incidence in a free-stream by applying an adverse pressure gradient. The result-
ing flow at a chord Reynolds number of 60, 000 is then subjected to zero-net mass-flux
(ZNMF) perturbations of the boundary layer. In the first set of simulations, the response
of the separated flow over an elliptic airfoil to the systematic variation of the actuation
frequency as well as the streamwise location of the ZNMF jet is considered by focusing
on the non-linear interactions between the ZNMF forcing and the natural time scales of
the flow. Since the point of separation is the most receptive point for a separating shear
layer, it is found that forcing is most effective when applied in the vicinity of this point.
On the contrary, locating the ZNMF device inside the separated region is not effective in
reducing the extent of separation. Also, forcing the ZNMF jet at the shear layer frequency
or the separation bubble frequency effectively reduces the size of the mean separation
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bubble on the elliptic airfoil, whereas forcing at high wake frequency has no effect on the
separation zone.

In the second set of simulations, separation control is investigated on a flat plate with
elliptic leading edge and blunt trailing edge. Results from the uncontrolled baseline flow
indicate that the entire system locks on to a single frequency. Forcing the shear layer at
this lock-on frequency or its first subharmonic causes the separation zone to couple with
the superharmonic of the forcing frequency. ZNMF excitation at the first superharmonic
of the lock-on frequency causes the system to undergo a state change by forcing both the
separation zone and the wake to couple with the forcing frequency. Whereas this forcing
reduces the size of the separation bubble significantly, forcing at higher superharmonics
does not effectively couple with the frequency of the separation zone. Three-dimensional
simulations of the flow over this flat plate are under way and the results will perhaps be
presented in the CTR Annual Research Briefs 2006.
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