
50th AIAA Aerospace Sciences Meeting, 9–12 January 2012, Nashville, Tennessee

Comparison of plasma actuators in simulations and

experiments for control of bypass transition

Brandt A. Belson∗

Princeton University, Princeton, NJ, 08544, USA

Ronald E. Hanson †, Denis Palmeiro ‡, Phillip Lavoie §

Institute for Aerospace Studies, University of Toronto, Toronto, ON, M3H 5T6, Canada

Katelyn Meidell ¶, Clarence W. Rowley‖

Princeton University, Princeton, NJ, 08544, USA

This research compares the effect of plasma actuators on 3D incompressible boundary
layer flow in experiments and direct numerical simulations. The actuators are arranged
to produce stream-wise streaks to effectively cancel out the dominant structures in bypass
transition, thereby delaying transition to turbulence. The direct numerical simulations
resolve all relevant scales of the fluid flow and approximate the force from the plasma
actuators with a body force model. Good agreement exists between experiments and
simulations in time-averaged velocity fields at a downstream plane. Our long term goal
is to delay the transition to turbulence by developing effective and efficient closed-loop
controllers based on simulation data and to implement those control laws in experiments.

I. Introduction

The broad goal of this work is to address fundamental issues pertaining to the delay of boundary layer
bypass transition from a laminar to a turbulent state via feedback control. The practical ramifications of this
research include the reduction of drag and hence fuel consumption in aircraft, and increased efficiency of
blades and propellers found in turbines and windmills.

The primary result shown here is the agreement between experiments and direct numerical simulations.
Often simulations are performed in isolation from physical constraints, and so can use idealized physical
assumptions or use impractical actuators or sensors. Instead, we simulate an existing experiment, and verify
that the methods and models we use are appropriate for at least the conditions tested. This is important
because the ability to simulate the flow and accurately reproduce the experiments is useful for designing
controllers. Simulations are more flexible and cheaper, so it is simpler to modify parameters. For example,
changing the location or geometry of the actuators and sensors is simple, and large parametric experimenting
and trial-and-error can be performed. On the contrary, in experiments such a study would be much costlier.
Furthermore, simulations can make use of the entire flow field, while physical experiments are more limited.

Simulations can offer more than a relatively cheap method of trial-and-error though. The controllers
formed from simulation data could be used in the experiments directly. The advantage of this approach is
the entire velocity field can be used to design the controller and evaluate its performance while still only
requiring physically realizable sensors to operate the controllers in experiments and applications.

∗Ph.D. Candidate; Department of Mechanical and Aerospace Engineering, Princeton, NJ, USA; AIAA Student Member
†Ph.D. Candidate, Institute for Aerospace Studies, University of Toronto, Toronto, Ontario, Canada, AIAA Student Member
‡Masters Graduate, Institute for Aerospace Studies, University of Toronto, Toronto, Ontario, Canada, AIAA Student Member
§Assistant Professor, Institute for Aerospace Studies, University of Toronto, Toronto, Ontario, Canada, AIAA Senior Member
¶Undergraduate; Department of Mechanical and Aerospace Engineering, Princeton, NJ, USA; no AIAA Membership
‖Associate Professor; Department of Mechanical and Aerospace Engineering, Princeton, NJ, USA; AIAA Senior Member
Copyright c© 2011 by the authors. Published by the American Institute of Aeronautics and Astronautics, Inc. with

permission.

1 of 10

American Institute of Aeronautics and Astronautics Paper 2012-1141



A schematic of the entire closed-loop control system we are working towards is shown in Figure 1. Starting
from the left, laminar flow is first disturbed by cylinders which dynamically move into and out of the wall
to create streaks of high and low velocity similar to those seen in bypass transition. The disturbances are
measured by spanwise sensor arrays located upstream and downstream of the actuator array to provide both
feedforward and feedback control information. The y-z measurement planes are only used for validation of
our numerical simulations with experiments. In a closed-loop experiment, shear stress sensors located both
upstream and downstream of the actuator array are used for feedforward and feedback information. Shear
sensors are chosen because they are non-intrusive and have been shown by Naguib et al.16 to extract useful
flow information for low-order estimators. We expect this control setup to be more effective and robust than
passive control. In the present study, note that we isolate our attention to only the actuator array and the
single downstream measurement plane.

Figure 1: (a) Sketch of the proposed control-system configuration and (b) actuator geometry.

trol of transiently growing disturbances in a laminar boundary layer beneath a turbulent freestream
using a single wall-shear-stress sensor upstream of a suction hole. The main shortcoming of all of
these experiments is the lack of a proper dynamical model upon which to base the control strategy,
and hence the control must rely on ad hoc adjustement of parameters and the results are less
impressive than those obtained in numerical studies.

The above highlights the significant gap between heuristic experimental efforts aimed at feed-
back control of the boundary layer and their numerical counterpart, based on a control-theory
approach. In the proposed work, we undertake the challenging task of filling part of this gap
through an experimental demonstration of multi-modal, dynamical-model-based, feedback control
of roughness-induced, transiently growing disturbances in a Blasius boundary layer. In the process,
we focus on fundamental fluid mechanical, dynamical systems and control issues that will help us
obtain proper wall-based estimation of the flow field (i.e. non-intrusive feedback), actuation and
low-order dynamical modeling of transient growth in the boundary layer.

Finally, it should be noted that this work is not only motivated by the inhibition/delay of bypass
transition, but also by the control of the turbulent boundary layer in the long term. There is existing
evidence in the literature that a growth mechanism similar to this found in the laminar boundary
layer is at play in the near-wall region in turbulent wall-bounded flows (e.g. see [14] and [15]). Thus,
targeting transient growth in the Blasius boundary layer is a logical, first-step problem to tackle en
route to attempting to control the inner region of the turbulent flow.

2 Proposed Work
2.1 Approach and Issues
The focal point of the proposed activity is a canonical physical configuration in which a spanwise-
periodic active roughness array (ARA) is employed to excite transient growth modes in a Blasius
boundary layer, as seen in Figure 1(a). The roughness elements can “pop” into or out of the flow
using a solenoid or other type of actuator to allow for introduction of disturbances randomly in time
and/or spanwise arrangement. To counteract the effect of these modes, a plasma actuator array
will be used to introduce streamwise vortices with the opposite sense of vorticity to that produced
by the roughness elements (Figure 1b). The driving signal of the actuators will be dictated by
feedforward as well as feedback information of the “flow state” (see Figure 1). This information will
be fed to a controller designed based on a Balanced Proper Orthogonal Decomposition (BPOD)
low-order approximation of the fluid dynamics equations, or eigen-value realization algorithm (ERA)
balanced-truncation model, with the objective of driving the “amplitude” of the transient growth
disturbances towards zero at the streamwise location of the feedback, or control, plane downstream
of the actuator array.
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Figure 1. Overview of the control system configuration. Measurements are taken upstream and fed forward to
the estimator. The control box outputs a voltage signal to the array of plasma actuators intended to effectively
mitigate the disturbances. A set of downstream sensors provides feedback to account for model uncertainty.
This research focuses only on the plasma actuator array and the downstream sensor plane. Figure 3 shows a
more detailed view of the plasma actuators.

II. Transition to turbulence

The classical description of the transition to turbulence comes from a linear stability study of the boundary
layer equations. The result of this is analysis is the prediction of Tollmien-Schlichting (TS) waves – spanwise-
constant and exponentially growing waves which propogate in the stream-wise direction. The TS waves grow
until non-linearity becomes significant, and then break down into secondary structures that eventually lead
to turbulence.

However, TS waves are often not the mechanism that leads to turbulence in the presence of larger
disturbances such as free-stream turbulence, surface roughness, and acoustic waves. Mathematically, the
non-normality of the linearized governing equations admits the existence of algebraic, transient growth of
spanwise varying, three dimensional structures. These structures take the form of stream-wise streaks of
alternating high and low velocity fluid, or described another way, streaks of alternating positive and negative
stream-wise vorticity.11 The stream-wise streaks break down, turbulent spots appear, and the flow becomes
turbulent. It has been shown that these structures are the optimal instability in the Navier-Stokes equation.13

In the linear equations, the transient growth is followed by an exponential decay, however in the nonlinear
Navier-Stokes equations, at sufficiently large resulting amplitudes, the growth results in nonlinear effects
before the decay begins. This process is called bypass transition, as it bypasses the TS wave instability in the
transition to turbulence.
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III. Plasma actuators and control

Plasma actuators act on the surrounding fluid by exerting a localized body force in both the horizontal
and vertical directions, and have been used in the context of transition control to attenuate TS waves.6

Plasma actuators have gathered interest due to their desirable properties. They can be oriented at any
angle, thus producing a force in any horizontal direction. They have no moving parts and are inexpensive
to construct. The actuator is physically small, and thus its presence does not disrupt the flow significantly.
Unlike other forms of actuation, implementation is relatively simple and thus facilitates implementation in
the control experiment.

In this work we use single dielectric barrier discharge (SDBD) plasma actuators, which have one electrode
exposed to the fluid and the other under a layer of dielectric material, such as in Figure 2.

VAC

-

+

Induced flow

Dielectric

ElectrodeElectrode

Figure 2. Sketch of a typical actuator and the induced flow. The actuators are oriented so that the dielectric
layer is flush with the wall and the fluid is above it. The circle marked VAC denotes the applied alternating
current.

Plasma actuators consist of two electrodes separated by a dielectric material. Due to the intense electric
field produced by an AC voltage source (of order kV), a local region of ionized air is produced above the
dielectric surface. The electrons and ions in the plasma are accelerated by the electric field, colliding with
neutral particles. The net effect, over a full excitation period, is an electromechanical coupling to the fluid
flow that causes a wall-jet away from the exposed electrode.5,9

As previously mentioned, the structure that optimally excites the instability of the laminar boundary
layer is stream-wise streaks of alternating high and low velocity. Thus, we aim to directly cancel streak
growth by aligning the actuators to produce stream-wise vorticity in the opposite sense. The stream-wise
vorticity pulls high speed fluid down towards the wall and pushes low speed fluid up and away from the wall,
as shown in Figure 3.

Figure 3. Schematic of the spanwise plasma actuator. The flow is forced outwardly from each actuator in the
spanwise direction. The array consists of four individual actuators. The flow is in the positive x-direction, into
the page.

In work done by Hanson et al.,8 actuators arranged in this way effectively cancelled the streaky structures
experiencing transient growth with only passive control. It was also demonstrated that specific geometric
features of the actuator could improve its effectiveness on the targeted instability. For instance, the width
of the upper exposed electrode was increased from 5 to 8 mm, and although attenuation of the targeted
fundamental instability mode was maintained at over 95%, total attenuation of the disturbance increased
from 45% to 70%. Recently, observations of the effect of the actuator input signal (frequency and voltage) on
the boundary layer response to spanwise plasma actuation showed that both the modal content and amplitude
of the resulting counter disturbance could be controlled in addition to modifying the geometry.7
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IV. Plasma actuator models

Plasma actuators operate at frequencies in the kHz range and at micrometer length scales, which are
significantly different from the relevant scales of the surrounding fluid flow. Simulations that resolve the
actuators’ time and length scales have been conducted, for example by Likhanski et al.12 However, while this
is valuable for analyzing details about the actuators, this level of sophistication is unnecessary for our needs.
Furthermore, to do so would be computationally prohibitive. Instead, since the scales are small, the effect on
the surrounding fluid can be approximated by a lower-order model of the plasma physics. The effect of the
plasma actuators can then be treated as an ordinary body force.

Many body force models exist, and they all make slightly different approximations. One of the simpler
models was proposed by Shyy et al.,19 and it assumes a linear variation of force in the horizontal and
wall-normal directions, peaking at the surface of the exposed electrode. More complicated models are based
on a series of subcircuits which run from the dielectric surface to above the exposed electrode.15,17 In this
work, we use a model based on Gauss’s law and an assumed Gaussian distribution of charge above the
dielectric layer.20 It is worth mentioning that many of these models, including the one used, do not capture
an often-accepted scaling relationship that the maximum induced velocity is proportional to voltage to the
7/2 power, Uinduced ∝ V 7/2.4,18 Here we examine only a single voltage, and so this particular limitation is
not encountered. For more details on the prominent models, see the review by Corke et al.3

The basic idea of the model proposed by Suzen et al.20 is to find the force f̄ by solving for the electric
field Ē and charge density ρc independently. The main points are reproduced below, beginning with an
equation for force

f̄ = Ēρc. (1)

Assuming the magnetic field does not vary in time significantly allows one to represent the electric field as
the gradient of a potential,

Ē = −∇Φ. (2)

Applying Gauss’s law gives Equation (3), where ε is the permittivity, ε0 is the permittivity of free space, and
εr is the relative permittivity.

∇(ε∇Φ) = −ρc (3)

ε ≡ εrε0 (4)

The electric potential is broken into a component due to the voltage difference across the electrodes, φ, and a
second component due to the charge density, ψ, such that Φ = φ+ ψ. After expressing ψ in terms ρc, the
two resulting equations which need to be solved for the potential and charge density, respectively, are

∇(εr∇φ) = 0 (5)

∇(εr∇ρc) = ρc/λ
2
d. (6)

The debye length, λd, is assumed constant and equal to 1 mm. The force is then computed from Equation (1)
as f̄ = −(∇φ)ρc.

The boundary conditions are slightly modified from those described in the original publication because
our geometry is different. Rather than having a single ground electrode beneath the dielectric, we have an
infinitely wide ground electrode. Figure 4 show the geometry and boundary conditions we use. The charge
density boundary conditions take the form of a half-Gaussian, G(x, σ) = exp(−x2/(2σ2)). The function h(t)
is the voltage input signal, a sine wave in our case.

The normalized electric potential (by φmax) and charge density (by ρmax) distributions are shown in
Figure 5 and 6. The resulting period-averaged, normalized, force fields in the x and y directions are shown in
Figure 7 and 8. The two parameters σ and ρmax are necessarily dependent on the particular plasma actuators
used and are not provided directly by this model. We find these two parameters by varying their values in
simulations and comparing to experimental results. Other methods can be used to find values, possibly by
imaging the experiments directly.
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Figure 4. Left: Boundary conditions for the electric potential. Right: Boundary conditions for the charge
density. Derivatives with respect to n are in the normal direction. The height (y-direction) of the exposed
electrode is small and approximated as zero in the computations. The boundary conditions for the exposed
electrode are therefore applied at the surface of the dielectric.
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Figure 5. The contours show the electric potential φ, non-dimensionalized by φmax. The exposed electrode is
shown in black, and is centered at the origin with a width of 5mm.

−4 −2 0 2 4
z (mm)

0.0

0.5

1.0

1.5

2.0

2.5

y
 (

m
m

)

0.00

0.11

0.22

0.33

0.44

0.55

0.66

0.77

0.88

0.99

Figure 6. The contours show the charge density ρc, non-dimensionalized by ρmax. The exposed electrode is
again shown in black.
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Figure 7. The contours show the plasma actuator force in the z-direction. The force shown comes from the
non-dimensionalized electric potential and charge density, so the units are Newton

Coulomb·Volt
. Multiplying this field

by φmax · ρmax gives the volumetric force for use in simulations.
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Figure 8. The contours show the plasma actuator force in the y-direction. The quantity shown is analogous
to that shown in Figure 7.
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V. Results: simulations and experiments

A. Fluids solver

Simulations of the transitional flow are conducted using a code developed at the Royal Institute of Technology
(KTH), Sweden.14 This is a pseudo-spectral solver for incompressible boundary layers, and has been extensively
validated and tuned for performance.2 The basic numerical method is similar to that used by Kim et al.,10 with
Fourier modes in the stream-wise and spanwise directions, and Chebyshev modes in the wall-normal direction.
In order to describe a spatially developing boundary layer, a non-physical fringe region is implemented, and
an artificial free-stream boundary condition is introduced.1 This region comprises roughly the last 20% of the
domain and is not used in our analyses or shown in plots. We implemented the plasma actuator as a body
force.

B. Plasma actuator effect

The conditions of the computational study are based on the experimental setup used by Hanson et al.,8

see Figure 9. The experimental apparatus consisted of a 635 mm long plate, with a 63.5 mm wide sharp
leading edge. The plasma actuator array was located 250 mm from the geometric leading edge. The actuators
extended 40 mm in the stream-wise (x) direction and were spaced ∆z = 20 mm apart from each other. Owing
to the pressure gradient caused by the leading edge, a virtual leading edge was located 35 mm upstream of
the geometric leading edge. The free-stream velocity was maintained at 5 m/s for the experiments. At these
conditions, Reδ∗ = Uδ∗/ν = 530, where δ∗ = 1.59 mm is the displacement thickness at the plasma actuators,
U = 5 m/s is the free-stream velocity, and ν = 1.5 · 10−5 m2/s is the kinematic viscosity of air. The input
was a step signal with a voltage, measured peak-to-peak, of 4.4 kV and frequency of 3.0 kHz.

Figure 9. The experimental and computational setup.

The result of our simulation, after the transients pass, is shown in Figure 10. The actuators span from
x = 285 to 325 mm. The streaks of stream-wise velocity are evident at roughly the same span-wise frequency
as the actuators.
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Figure 10. This plot shows contours of normalized stream-wise velocity. The axes have units of millimeters.

The stream-wise velocity disturbance produced by the plasma actuator array at a y-z plane located at x
= 485 mm from the virtual leading edge is compared to the experimental data of Hanson et al in Figure
11. As pointed by Palmeiro et al.,18 the parameters of the plasma actuator model need to be calibrated to
produce the adequate body force magnitude. In the present simulation, the magnitude and shape of the
charge distribution were adjusted based on the maximum disturbance amplitude and streak width.

As previously mentioned, these two parameters are dependent on the particular characteristics of the
actuators in use, They are not specified by the model, and therefore they are found empirically. In this case,
we did so with simulations, however it may be possible and preferable to do so directly from experiments
with more observations. We use values of ρmax = 1.2 · 10−4 C/m

3
and σ = 2.0 · 10−3 m.
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Figure 11. Comparison of simulations of a plasma actuator array (left) with experimental observations (right).
The contours show the normalized perturbation stream-wise velocity at a particular stream-wise location (a
y-z plane) 200 mm downstream of an array of plasma actuators and 485 mm downstream of the virtual leading
edge. Here η = y(U/νx)1/2 is the Blasius length scale, where ν is the kinematic viscosity, y is the wall-normal
distance, U is the free-stream stream-wise velocity, and x is the stream-wise distance from the leading edge.
The variable z is the stream-wise distance from the center of the domain and 4z is the spacing between actuator
pairs.
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VI. Conclusions and future work

The effect of plasma actuators in both simulations and experiments is studied and compared in this work.
We showed that at a downstream sensor plane, the velocity fields in simulation and experiments were in good
agreement. The body force caused by the plasma actuators were approximated with the model proposed by
Suzen et al.,20 while the boundary condition treatment was modified to match our different plasma actuator
geometry. Additionally, the magnitude and the shape of the Gaussian distribution of the charge density (ρmax
and σ) were adjusted to match the experiments. These two parameters have clear physical meanings and it
is expected to need to adjust them for different experimental setups. In this way, this model’s simplicity,
accuracy, and physical meaning make it an appealing choice.

In future work, we will vary the voltage and frequency and look for good agreement in simulations and
experiments. To do so, and to achieve the Uinduced ∝ V 7/2 scaling relationship, we anticipate a possible need
to make the charge density scale with some factor of the voltage and/or frequency. Secondly, in this work we
focused on a step input and the steady-state velocity, however in feedback control the input signal will be
time-varying. We intend to study the dynamic behavior, and compare experiments and simulations under
similar conditions.

The long-term goal of this work is to develop reduced-order models and design controllers. These controllers
will then be implemented in simulations and experiments, and their performance and robustness evaluated.
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