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Abstract
Linear stability theory is applied to analyze boundary-layer data from flow-control
experiments with dielectric barrier discharge plasma actuators. The hydrodynamic
stability of laminar boundary-layer flow along a flat plate subject to an adverse pressure
gradient is enhanced by the induced momentum from a dielectric barrier discharge.
Changes in the velocity distribution are measured with laser Doppler anemometry while
a traversable hot-wire probe quantifies the macroscopic effect on the transition location.
The observed connection between the altered velocity distribution and the delayed
transition is supported by a stability analysis of experimental boundary-layer profiles. A
numerical procedure to study the impact plasma actuation has on hydrodynamic stability
is presented to enable parametric studies and optimization of flow-control applications.

1. INTRODUCTION
The influence of dielectric barrier discharges (DBD) on boundary-layer transition has been investigated
in numerous wind tunnel experiments and numerical studies. Several researchers observed an
acceleration of boundary-layer transition [1,2] whereas others published results of delayed transition
[3,4]. Computational investigations [5] and stability considerations [6,7] indicate that the additional
momentum fed into a laminar boundary layer subtly changes the mean velocity profiles; hence reducing
the susceptibility towards Tollmien-Schlichting instabilities. The DBD actuation dampens existing flow
instabilities which are otherwise amplified and eventually initiate the breakdown to turbulence. Thus,
the breakdown to the turbulent state can be delayed and a net reduction of skin friction drag is achieved.

Despite the successful application of DBD for transition delay in Tollmien-Schlichting dominated
boundary-layer flow, only few investigations concentrate on explaining the effect by means of
hydrodynamic stability analysis. Duchmann et al. [6] conducted a linear stability analysis in the spatial
framework for boundary-layer data from large eddy simulations (LES) by Quadros [5]. A prominent
effect on the critical Reynolds number and reduction of the disturbance growth rates within the
stabilized velocity field are reported. Additionally, experimental data derived from hot-wire
measurements were analyzed yielding qualitative agreement with the numerical results. More recently,
a stability analysis was performed for direct numerical simulations (DNS) of a laminar boundary-layer
flow subjected to DBD forcing [8]. Both investigations demonstrate the applicability of linear stability
theory to the flow control with DBD actuators. Riherd and Roy [7] analyzed a generic flow composed
of a Blasius boundary layer superimposed onto a Glauert wall jet in an attempt to mimic the effect of
a DBD device. Although this linear superposition does not necessarily satisfy the Navier-Stokes
equations, the results from linear stability analysis in the temporal framework indicate that excessive
control can provoke inviscid instabilities due to non-monotonic curvature of the velocity profile.

The shortcomings of earlier investigations motivate the present study, with the aim of analyzing
experimentally measured velocity profiles under the influence of DBD actuation in terms of
hydrodynamic stability. Since the zone of ionization next to the exposed electrode is not accessible by
intrusive probes, only optical measurement techniques enable a close-up view of the flow manipulation.
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A laser Doppler anemometer (LDA) is chosen to resolve the averaged streamwise and wall-normal
velocity components of the boundary-layer flow. Measurement uncertainties complicate the analysis
based on first and second derivatives of the boundary-layer velocity profiles with respect to the wall-
normal coordinate, but adequate filtering and averaging permits the processing of such data with the
stability code.

More conveniently, a numerical study of the flow-control effect can be performed. A finite-
difference solver for the solution of laminar boundary-layer equations is presented, incorporating a
plasma force model experimentally measured by Kriegseis et al. [9]. The numerical routine enables a
systematic variation of parameters to find optimized flow-control configurations.

2. LINEAR STABILITY ANALYSIS
In order to investigate the plasma actuator’s influence on flow stability, modal linear stability analysis
is conducted. The local manipulation of the boundary-layer profiles by the plasma actuator reduces the
flow’s affinity to become unstable in the presence of two-dimensional Tollmien-Schlichting
instabilities. The linear stability analysis performed in the present work assumes low environmental
disturbances and a parallel, two-dimensional, steady base flow U, which is superimposed with small
wavelike disturbances u′ and p′. A system of two linear disturbance equations for the wall-normal
velocity component v′ and the wall-normal vorticity component Ω′ is sufficient to describe the
evolution of the modal instabilities. The initial growth of the small disturbances may be described by
the wave modes v′ and Ω′. The resulting Orr-Sommerfeld and Squire equations

with pose a boundary-value problem with homogeneous boundary conditions at the wall and

in the free stream. The problem is defined in dependence of a spatial disturbance wave number
k = (α2 + β2)0.5 and a temporal disturbance frequency ω. The resulting equations for the disturbance
behavior in time and space can only be solved numerically.

In the present work the numerical problem is solved for the spatial framework, providing a given
disturbance frequency ω and solving for the complex streamwise wave number α = αr + i αi. The
spanwise wave number β is zero for the assumption of plane two-dimensional waves. The spatial
approach is appropriate to describe the downstream evolution of such instabilities in the linear
amplification stage. To reduce the nonlinear eigenvalue problem to a linear one, two consecutive
transformations are necessary, an exponential variable transformation and a companion matrix method.
In order to discretize the boundary-value problem for a numerical solution, a spectral Chebyshev
collocation method is chosen. The dependent variables v and Ω are represented by truncated sums of
Chebyshev polynomials and a Gauss-Lobatto grid is used for the discrete representation of the
independent variable y. Since the Gauss-Lobatto points are only defined on the finite domain ξ = [-1,1]
the algebraic function y(ξ) = δ/2 (1 + ξ) maps the grid points into the physical boundary-layer domain
y = [0, δ]. Typically, the boundary-layer profiles are resolved by 80 grid points with increased resolution
close to the solid surface. The resulting discretized matrix equations are solved with a built-in routine
in MATLAB.

3. EXPERIMENTAL SETUP
Boundary-layer profiles subjected to DBD forcing have been obtained from hot-wire measurements
and analyzed with a linear stability code by Duchmann et al. [6], showing good agreement with
numerical data. Due to a minimum distance of the hot-wire probe from the actuator, the velocity
profiles in its direct proximity could not be measured. Since the highest impact on the flow stability is
expected in this area, laser optical measurements accessing the zone of ionization are necessary.

An open-circuit wind tunnel with a 1:24 contraction nozzle is operated at a nominal free-stream
velocity of U = 20m/s for the flow-control experiments reported hereafter. An average turbulence
intensity of Tu = 0.24% is measured at the inlet of the 450mm x 450mm test section, containing a flat
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plate of 1600mm length with an 1:6 elliptical leading edge. The trailing edge angle is adjustable for
accurate positioning of the stagnation point, intended to mitigate boundary-layer separation next to the
leading edge. The flat plate provides an insert to flush mount a dielectric barrier discharge actuator
350mm downstream of the leading edge. A 900mm long displacement body is installed on the tunnel
upper wall to destabilize the laminar boundary-layer flow and provoke accelerated growth of Tollmien-
Schlichting instabilities. The maximum thickness of the displacement body is located at the beginning
of the flat plate, creating an almost constant adverse pressure gradient of 83.6Pa/m downstream of the
leading edge. The experimental setup with a single DBD actuator at xDBD=350mm is illustrated in
Figure 1 and can be reviewed in more detail in [10, 11].

Figure 1: Experimental setup within wind tunnel test section.

The streamwise and wall-normal velocity distribution next to the DBD actuator is measured with a
Dantec two-velocity component LDA system with 300mm focal length, mounted on a ISEL 3D-
traverse system. The laminar boundary-layer flow with and without DBD actuation can be compared
and analyzed with the linear stability solver presented in Section 2. A single hot-wire probe connected
to a DISA M-series constant temperature anemometer (CTA) can be positioned by a Velmex 2D-traverse
between x = 400-800mm and y = 0-200mm along the center plane of the flat plate. The hot-wire data
is used to measure transitional boundary-layer profiles and quantify the transition location. The CTA
measurements enable a Fourier analysis of the frequency content within the boundary-layer, enabling
detection of the unstable Tollmien-Schlichting modes, which turn out to be amplified in a frequency
band between 200 and 400Hz.

The DBD actuator used in the present study is flush-mounted at xDBD = 350mm downstream of the
leading edge. It consists of two copper electrodes separated by 0.3mm thick Kapton, forming the
dielectric barrier. Copper tape of 0.035mm thickness constitutes the exposed and embedded electrode
with a streamwise width of 2.5mm and 10mm, respectively. A GBS Elektronik MiniPuls 2.1 supplies
the sinusoidal high voltage necessary for the discharge generation, enabling operation with an effective
power consumption P between 45.7 and 64.4W per meter actuator length. The actuator length in the
spanwise dimension is 440mm in the present case, spanning the whole width of the wind tunnel test
section. The well-established actuator setup [3,9,10,17,18] ensures an uniform glow discharge without
filaments, providing a two-dimensional flow-control force in streamwise direction.

Kriegseis et al. [9] identified the spatial force distribution of a single DBD actuator by PIV
measurements in quiescent air. Such a force distribution can be implemented in numerical codes to
calculate the effect on boundary-layer flow, as demonstrated in Section 5. Exemplarily, the spatial
distribution of the streamwise force component is illustrated in Figure 2. Additionally, force balance
measurements are available to quantify the thrust imposed on the fluid via a direct measurement
method. A correlation between the power consumption P and the produced thrust T reveals a monotonic
dependence. For a unique plasma actuator configuration, experimentally easily accessible power
measurements can be directly related to the integral thrust imposed on the fluid, which is a prerequisite
to relate experimental data to numerical simulations with a given force distribution. In order to maintain
consistency with Kriegseis [12] both the integral thrust value, as well as the power consumption will
always be quoted.
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Figure 2: Spatial distribution of streamwise DBD force component.

4. EXPERIMENTAL RESULTS
Hot-wire measurements along the flat plate at a constant distance to the surface (y = 1mm) reveal the
fluctuation of the velocity signal associated with boundary-layer transition. The root-mean-square value
of the signal can be used as an indicator for the state of the boundary layer. Initially, the laminar boundary
layer exhibits low fluctuations, indicated for the case without flow control (solid line) in Figure 3 (a) for
x < 450mm. As the transition to turbulence is initiated, the flow becomes intermittent, constantly changing
between the laminar and turbulent state due to the random occurrence of turbulent spots. In this region,
the standard deviation of the velocity signal culminates indicating the point of maximum intermittency
which will henceforth be arbitrarily defined as the ‘transition location’xtrans. Further downstream, the fully
turbulent flow has a higher variance than the laminar one, but due to the homogeneously distributed
turbulence the standard deviation remains lower than in the intermittent region.

Figure 3: Experimental Quantification of transition location (a) and local boundary-layer
manipulation (b).

For the described experimental setup, the transition location for a velocity of U = 20m/s without
DBD actuation is found at approximately xtrans,off = 555mm, corresponding to a Reynolds number
Rex = 730.000. If the single DBD actuator is powered at P = 55.1W/m, producing a net thrust of
T = 13.5mN/m, the transition location is postponed to xtrans,on = 595mm as indicated in Figure 3 (a).
This transition delay of ∆xtrans = 40mm or 7.2% Reynolds number represents an average value for flat
plate transition control, and is not the maximum which can be achieved by optimized operation.
Nevertheless, this setting is useful for the investigation of the stability properties of the flow.

Two-velocity component LDA enables highly resolved pointwise flow measurements of two
perpendicular velocity components. In the present work the streamwise and the wall-normal velocities
u and v within the boundary-layer flow are acquired. The small interferometric sensor volume, in
combination with the transparent acrylic surface of the flat plate, avoids reflections and enables
accurate velocity measurements close to the surface. This is of importance for the determination of the
exact wall distance and profile curvature, enabling sufficiently accurate analysis of the viscous flow
stability. LDA measurements 10mm downstream of the exposed actuator electrode show the added
momentum due to local flow acceleration. Figure 3 (b) illustrates the averaged velocity profiles u(y)
(circles), the first derivative u′(y) (squares) and the second derivative u′′(y) (triangles) with respect to
the normalized wall normal coordinate y/δ1 at x = 360mm. The normalization of the wall-normal
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coordinate is achieved by introducing the displacement thickness δ1, an integral value resembling the
boundary-layer profile shape. The values are normalized with the respective maximum to facilitate
combination of all quantities in one graph. Filled symbols illustrate the baseline case whereas empty
symbols represent DBD actuation at a thrust of T = 13.5mN/m, or the corresponding power
consumption of P = 55.1W/m. A difference between the averaged profiles with and without DBD
operation is hardly visible, but especially the second derivative shows a significant deviation at this
position 10mm downstream of the exposed electrode. The second derivative indicates the profile
curvature which appears in the Orr-Sommerfeld equation, indicating its major importance for the flow
stability. A small alteration of the velocity profile and its curvature can have a significant impact on the
flow stability and the transition process.

The acquisition of such accurate boundary-layer data is difficult and time consuming and should be
limited to the region where an impact of DBD forcing on the velocity profiles is expected. The finely
resolved data is analyzed with the linear stability solver described in Section 2. The DBD actuator at
xDBD=350mm is operated at various thrust levels and the laser Doppler anemometry provides the
averaged velocity profiles and relevant derivatives 10mm downstream, as exemplarily illustrated in
Figure 3 (b). The experimental data is converted into an adequate format by scaling the velocity with
the freestream speed and the wall-normal distance with the Blasius length scale, δN =(Rex Ue/x)0.5. The
normalization employs a dependence on the current streamwise flow position through the local
Reynolds number Rex as well as the flow velocity at the edge of the boundary layer, Ue. Subsequently,
the normalized profile is projected in the streamwise dimension by varying the local Reynolds number
within the Blasius length scale. This corresponds to an assumption of self-similarity and an analytical
variation of the local Reynolds number for the given profile. It is important to note that the following
considerations are of theoretical nature, since a constant boundary-layer shape along the streamwise
direction is assumed, only increasing the boundary-layer thickness according to theoretical scaling
laws. In reality, the velocity profile is modified only within a short distance downstream of the actuator.
The following considerations can be understood as an approximation of a boundary-layer flow under
the influence of repeated actuation, e.g. by an array of plasma actuators. The theoretical amplification
of disturbances along the streamwise direction can then be calculated with the linear stability code. The
impact of DBD thrust variations is quantified by the growth rate of single disturbance frequencies or in
terms of the critical Reynolds number, both approaches being visualized in Figure 4. 

Figure 4 (a) portrays the predicted N-factor [13] evolution of a modal instability at f = 200Hz under
a variation of the actuator thrust. The N-factor is a measure of the integral disturbance amplification. It
represents the local disturbance amplitude normalized with the initial amplitude at the initiation of
disturbance growth at the critical point xcr. Without DBD operation, the flow under the effect of an
adverse pressure gradient becomes unstable at x = 0.2m, leading to increasing N-factors throughout the
remaining flow domain. If the DBD actuator is operated, attenuation of the growth rates with increasing
actuator thrust is observed. This also agrees with expectations, since the DBD actuation 10mm
upstream enhances the flow stability and leads to a delayed transition, quantified by hot-wire
measurements in Figure 3 (a).
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Figure 4: N-factor evolution of 200Hz disturbance frequency (a) and neutral stability curves
(b) for DBD thrust variation between T = 11.3 - 15.6mN/m (P = 45.7 - 64.4W/m).



Since transition is not initiated by a single frequency disturbance, the analysis of the neutral stability
curve is more convenient. Based on the similarity approach in streamwise direction, a global influence
on the stability is projected. Figure 4 (b) contains the neutral stability curves for the same DBD thrust
levels with the same line styles and numbering as in (a). The color levels additionally illustrate the N-
factor evolution for the highest thrust case 3. The four neutral stability curves show increasing values
of the critical point xcr and shrinking instability regions with increasing actuator thrust. Whereas the
critical point is hardly distinguishable without DBD operation, it can be found at x = 0.072m for T1 =
11.3mN/m (P = 45.7W/m). At the maximum thrust level T3 = 15.6mN/m (P = 64.4W/m), it is delayed
until x = 0.117m, which corresponds to an increase by 62% compared to the minimum thrust value.

To enable a stability analysis at various locations and to avoid the self-similar scaling approach, fine
resolution is required not only of the wall-normal, but also of the streamwise direction. Such
measurements are time consuming, but would surely help to further quantify the stabilization impact
and its gradient in the streamwise direction close to the DBD force field. For a less time consuming
investigation of the stability impact, a numerical procedure is required. Such a computational tool
enables extensive parameter variations, e.g. various actuator geometries, positions and thrust
magnitudes. Even more importantly, the effect of multiple actuators arrays lined up in streamwise
direction can be simulated. This can be a way to enhance the flow-control effectiveness, which is
beyond the scope of experimental studies since the actuator location cannot be easily changed without
deteriorating the surface smoothness of the experimental setup.

5. NUMERICAL INVESTIGATIONS
One possible numerical approach to study the effect of DBD operation on boundary-layer transition are
direct numerical simulations (DNS), eventually including the full transition process. For practical
applications at elevated Reynolds numbers, computational costs are prohibitive. A simplified model is
required to compute the boundary-layer development on various flow geometries, e.g. flat plates or
airfoils under the influence of DBD forcing. Köhler [14] successfully implemented a finite-difference
scheme for the approximation of the laminar boundary layer along flat plates and natural laminar flow
(NLF) airfoils within the MATLAB computing environment. The approach is based on the Falkner-Skan
transformation of boundary-layer profiles and employs a solution procedure according to Cebeci and
Keller [15] for the two-dimensional, incompressible and steady boundary-layer equations. A
representation of laminar boundary-layer flow can be obtained, provided that a pressure distribution is
externally supplied. Experimental pressure measurements as well as simple potential-flow solvers can
provide the pressure gradient in streamwise direction to initiate the boundary-layer computations. The
resulting flow field can be coupled to the linear stability analysis presented in Section 2. The
combination of the numerical schemes is capable of accurately evaluating the influence of DBD
actuation on the stability properties of laminar boundary-layer flow.

The missing link between the stability computations and a representation of the flow-control effect
within the finite-difference boundary-layer code is an appropriate model of the DBD force field.
Several phenomenological models exist to approximate the spatial distribution of the applied volume
force [16-18], but most of them do not correctly describe the local introduction of momentum to the
surrounding fluid. Maden et al. [19] observed significant differences for the case of induced wall-
tangential flow in quiescent air, dependent on the chosen force representation. Such differences largely
influence the outcome of a local stability analysis since the fluid velocity distribution and the stability
properties may not be correctly represented. The only acceptable model for application with stability
computations, which are highly susceptible to local gradients, is a distribution derived from
experimental data by Kriegseis et al. [9]. The model resolves the wall-normal and the streamwise force
component, confirming the prominence of the latter for the flow-control effect. For implementation of
the force in the numerical study, the finely resolved spatial force distribution is interpolated onto the
numerical grid and normalized with the applicable fluid density and the Blasius reference length scale,
F* = F / (ρ δN

2), asterisks indicating dimensional values.
The boundary-layer code in connection with the implemented force model, allows the calculation of

laminar boundary-layer velocity profiles along arbitrary bodies. To predict and optimize the
effectiveness of DBD transition control applied to the flight setup presented by Duchmann et al. [20],
a computational study is performed. The panel-based XFoil [21] is used to calculate the pressure
distribution for the NLF airfoil that constitutes the measurement wing glove used in the cited study.
Successful in-flight transition delay is reported for an angle of attack of α = 0.7° and a flow speed of
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U = 38m/s, initializing the boundary-layer computations with the observed quasi-linear pressure
gradient along the suction side of the airfoil. The resulting laminar boundary-layer flow field is
subjected to stability analysis to enable a correlation between the computed N-factor evolution and the
experimentally measured transition location. 

Figure 5: N-factor evolution of discrete disturbance frequencies (a) without and (b) with DBD
thrust T = 15.6mN/m (P = 66.6W/m).

The N-factor evolution of discrete disturbance frequencies is illustrated in Figure 5 (a) without DBD
forcing. The experimentally observed transition location without DBD actuation, x/c = 0.48,
corresponds to a critical N-factor threshold value of Nt = 10 which is in agreement with other flight
experiments, as reviewed by Arnal et al. [22]. This value is used to numerically predict the transition
location under the effect of a single DBD actuator positioned at x/c=0.33 on the pressure side of the
wing glove airfoil. The actuator force field for a thrust of T = 15.6mN/m is incorporated in the
boundary-layer computation. This actuator thrust level approximately corresponds to in-flight
operation under flow-control conditions at a power consumption of P = 66.6W/m. The boundary-layer
profiles are locally influenced, and so are the stability properties. Figure 5 (b) indicates a local decrease
of the N-factor evolution for all illustrated frequencies. Please note that the illustrated markers are
clustered close to the actuator position due to a local refinement of the numerical grid to accurately
resolve the actuator effect. The critical threshold Nt=10 is crossed at x/c = 0.5, which yields a predicted
transition delay of ∆xtrans/c = 2%. This numerical prediction slightly underestimates the experimentally
measured effect of 3%. It can therefore be expected that the chosen numerical procedure will provide
a conservative estimate for the flow-control success.

Since the actuator force field can be arbitrarily simulated along the surface of any investigated body
in numerical studies, the sensitivity of the flow stability to a variation of the actuator location can be
easily evaluated. Such parametric studies are not feasible experimentally because of the elaborate
model adjustments required for each case. Nevertheless, it is expected that a variation of the actuator
position and a streamwise cascade of several actuators can significantly improve the flow-control
effect. DNS computations by Vieira et al. [23] indicate increased effectiveness of multiple actuators for
TS-wave attenuation within their linear evolution regime. Whereas a second actuator significantly
reduces the absolute amplitudes, a third actuator does not add supplementary benefit for Blasius flat
plate flow at U = 10m/s in the absence of a pressure gradient. This diminishing marginal utility renders
large actuator arrays unappealing unless a complete suppression of the disturbance growth can be
attained along the surface.

The effect of large actuator arrays at very low thrust with minimized power consumption is
simulated with the boundary-layer code and analyzed based on linear stability theory. The results of
distributed DBD forcing on the generic flat plate setup presented in Section 3 at U = 20m/s are
presented in Figure 6. Twenty-six DBD actuators between x = 0.33-0.58m are simulated with 10mm
streamwise spacing to operate at a minimal thrust level of T = 7.8mN/m (P = 33.7W/m).
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Figure 6: Theoretical N-factor evolution under distributed DBD forcing between x = 0.33m
and 0.58m at minimum thrust T = 7.8mN/m (P = 33.7W/m).

Downstream of the first actuator location, the resulting N-factor evolution shows almost complete
suppression of the wave amplitude over a large frequency range and attenuation to subcritical values
for frequencies above 200Hz. Such a configuration is presently not feasible in experiments due to
spacing limitations imposed by the electric potential differences, but specialized future DBD actuators
may enable spatially continuous thrust generation. In the hypothetical case of infinitesimal distance
between single actuators, a continuous acceleration of the fluid is possible and leads to the complete
suppression of two-dimensional instabilities. Such an flow-control impact can be compared to
continuous boundary-layer suction, yielding very stable flow conditions [24].

Although the effectiveness of flow control can be significantly enhanced by increasing the number
of actuators and the total force magnitude, the energetic efficiency should be considered. A limited
number of adequately positioned DBD actuators may provide an optimum in terms of the flow-control
efficiency, and an efficient numerical tool is presented in the current work to elaborate such optimized
flow-control applications.

6. CONCLUSIONS AND OUTLOOK
A delay of boundary-layer transition is obtained by a single DBD actuator operated 350mm
downstream of the leading edge of a flat plate subject to an adverse pressure gradient. The effect is
analyzed in terms of hydrodynamic stability by obtaining averaged velocity profiles in close proximity
of the DBD actuator with laser optical measurements. The velocity profiles and higher-order
derivatives are inserted as boundary conditions into a linear stability solver to calculate the growth rates
of modal disturbances in the linear amplification stage. The cumulative N-factor evolution shows
decreased disturbance growth under the effect of flow-control forcing at various actuator thrust levels.
For higher forcing magnitudes, increased stabilization of the flow is observed, leading to increasing
critical Reynolds numbers.

Since extensive parameter combinations cannot be investigated in wind-tunnel experiments, a
numerical procedure for the prediction of DBD flow-control effects is required. One specific finite-
difference solver for the boundary-layer equations [14] is presented, incorporating a DBD force model
for the simulation of laminar boundary-layer flow subjected to single or multiple DBD actuators. A
setup employed for transition delay in flight [20] is numerically simulated, and application of the linear
stability analysis yields excellent agreement between experimentally measured transition locations and
the semi-empirical N-factor method with the commonly accepted threshold value of Nt = 10. The
expected transition delay due to DBD operation is in the order of 2%, slightly underestimating the
experimentally observed value. Although numerical studies without a thoroughly validated, physics-
based DBD flow control model cannot perfectly represent all local stability properties of the flow, the
conservative prediction by the chosen numerical method renders the numerical tool valuable for flow-
control optimization studies.
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The numerical routine enables simulation of any desirable positioning and number of DBD force
fields, transcending the limitations of currently available hardware implementation. Conducting
thought experiments like spatially continuous force generation, the flow-control potential can be
estimated for improved actuator configurations potentially available in the near future.
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