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AFOSR Final Report
Pulsed Plasma Arrays for Turbulence Control
PI: Haris Catrakis, Program Manager: Douglas Smith
1. Experimental Aspects

This final report consists of three sections in which, respectively, the experimental, theoretical, and
computational aspects of the work are described. Successful results were obtained in the 1* year of this
3-year project for a single-element plasma actuator mounted on a hemisphere. In the 2™ and 3™ years
of this project, the PI would have added up to 10x10=100 plasma actuators on the hemisphere for
additional results but the work was unintentionally ended prematurely in October 2011. Thus, only
results of the 1% year of the project are described below. However, these results successfully show the
effective use of plasma actuation on a hemisphere for substantially reducing flow separation and
therefore provide a helpful basis for possible future projects on the development and demonstration of
multiple plasma actuators, i.e. plasma arrays, for even more enhanced reduction of flow separation.

The three sections are also described in these 3 AIAA conference papers which the author presented in
Honolulu, Hawai'i, in June 2011:

AIAA Paper 2011-3991 (Experiments), Active Control of Flow Separation on a Hemisphere with
Plasma Forcing, 41st AIAA Fluid Dynamics Conference and Exhibit, 27 - 30 June 2011, Honolulu,
Hawai'i

AIAA Paper 2011-4018 (Theories), Variational Theoretical Framework with Adaptive Computing of
Flow Dynamics and Active Flow Control, 6th AIAA Theoretical Fluid Mechanics Conferenc, 27 - 30
June 2011, Honolulu, Hawai'i

AIAA Paper 2011-3862 (Computations), Adaptive Variationally-Optimized Computing of Flow
Dynamics, Separation, and Control, 20th AIAA Computational Fluid Dynamics Conference, 27 - 30
June 2011, Honolulu, Hawaii

In the experimental work, the PI investigated active control of flow separation using dielectric barrier
discharge plasma actuation on a hemisphere mounted on an elevated flat surface in a wind tunnel.
Visualization of streaklines in the flow around the hemisphere at Re = 40,000 for control-on vs.
control-off showed a reduction in the size of the separation region with active flow control.
Measurement of the surface pressure coefficient also showed a recovery in the pressure coefficient for
control-on vs. control-off. Velocity measurements also showed that the mean-velocity profiles and
turbulence profiles were modified so that there is a minimization of the separation region.

Active flow control is an important field of research for many aeronautical applications [1-10] as it
enables modification of flow dynamics suitable for a variety of objectives. Plasma forcing is a method
of choice for active flow control in many aeronautical applications because plasma actuators have
contain no moving parts [1-5, 8, 10]. In our own previous work [1], we showed that a plasma actuator
can be effective in suppressing the formation of large-scale turbulent structures in a separated shear
layer formed at a sharp corner.



In the experimental study for this report, we focused on active flow control of separation around a
hemisphere mounted on a surface. This geometry is motivated by the use of hemispherical turrets, or
other more complicated geometrical shapes, for directed-energy applications involving laser beam
propagation and aero-optical effects through aircraft-generated turbulent flows. While aero-optical
effects are generated by compressible flows [1], the focus of our present study is not exclusively on
aero-optics. Thus, we aimed our present study on the broader challenge of flow separation from curved
surfaces and as a basic practical example we therefore focus on active flow control of flow separation
for incompressible flow around a hemisphere mounted on a surface.

Our experiments were conducted in an open-return wind tunnel with a test section of 1ft x 1ft cross-
sectional area. The freestream speed can be adjusted up to 30m/s. The hemisphere has a radius of
7.62cm (3in) and it is mounted on an elevated platform so that a well-defined laminar boundary layer is
formed instead of the boundary layer on the floor of the test section. The hemisphere is made of
polypropylene material. We have machined pressure taps along the centerline of the surface of the
hemisphere to enable measurement of the surface pressure coefficient profile. The flow facility is
equipped with a fog machine for streakline visualizations. The Reynolds number based on the
hemisphere radius and the freestream velocity of 8m/s for the current experiments is Re = 40,000. A
photograph of the hemisphere without the plasma actuator is shown in figure 1. Figure 2 shows an
example of our fog visualization for the flow around the hemisphere without actuator and figure 4
shows the control-on vs. control-off visualizations. In figure 2, there is clear evidence of a separated
turbulent shear layer from the curved surface of the hemisphere at approximately 90 degrees elevation
angle. The separated shear layer rolls up into larger-scale vortices which are shed into the wake of the
hemisphere.

Our fog machine enabled our successful visualizations of streaklines around the hemisphere. We
connected our fog machine to a custom machined pipe with a series of holes in order to generate a set
of streaklines through the inlet of the wind tunnel. The fog fluid is water-based and consists of several
glycols mixed with de-ionized water. In the fog machine, the fog fluid is moved into a heat exchanger
by a pump and the heat exchanger vaporizes the fog fluid. The vaporized fog fluid rapidly expands
through the nozzle of the fog machine. When the vapor mixes with cooler air outside the machine, it
forms an opaque aerosol which constitutes the fog. In order to measure the pressure coefficient, we
machined 22 pressure taps along the centerline of the surface of the hemisphere. These 22 pressure taps
enable us to generate profiles of the pressure coefficient as a function of the elevation angle along the
centerline of the hemisphere. The pressure taps were located at 1cm spacings along the centerline of the
hemisphere. The pressure profile measurements provided quantitative data in addition to the flow
visualizations.

Our plasma actuator consists of two copper electrodes of 3mil thickness each and a kapton dielectric of
Smil thickness which are assembled in the single dielectric barrier discharge asymmetric configuration.
The plasma actuator is connected to a high voltage high frequency power supply, model PVMS500,
manufactured by Information Unlimited, Inc.



Figure 1. Photograph of our hemisphere mounted on an elevated surface in the wind tunnel without the
plasma actuator.

Figure 2. Photograph of our fog visualization of streaklines for the flow around the hemisphere
mounted on an elevated surface in the wind tunnel without the plasma actuator.



The power supply can produce voltage up to 20kV ac peak-to-peak at a frequency from 20kHz to
50kHz and at a current of 10mA so that the power ranges up to 200W. Our settings for the current
experiments are 10kV voltage, 20kHz frequency, continuously-on actuator, 10mA, and 100W. We
surface mounted our plasma actuator at an elevation angle of 90 degrees on the hemisphere. A
photograph of the blue light emitted by the plasma actuator on the hemisphere is shown in figure 3.

Our results for the control-off and control-on cases consist of fog visualizations of streaklines shown in
figure 4 and quantitative measurements of surface pressure profiles and wake velocity profiles in figure
5. We first conducted our experiments for the baseline case, i.e. control-off, and we visualize the
streaklines using a fog machine. We then turned on the plasma actuator and we conduct fog
visualization for the control-on case. The flow visualizations in figure 4 show that we are able to reduce
the size of the separation region and delay the flow separation angle by using plasma actuation for
active flow control. The most important observation in figure 4 is that the plasma actuator is able to
minimize the flow separation by moving the separation location substantially downstream along the
curved surface of the hemisphere.

Figure 3. Photograph of the light emitted by the plasma actuator mounted on the hemisphere in the
wind tunnel.

We also measured the surface pressure coefficient with the 22 surface pressure taps in order to obtain
the pressure profiles for control-on vs. control-off. Figure 5 (left) shows the plots of the pressure
coefficient profiles along the centerline of the hemisphere for various freestream speeds. Consistent
with the fog visualizations, we see evidence of an enhanced pressure recovery on the lee side of the
hemisphere when the plasma actuator is activated. This enhanced pressure recovery is consistent with
the reduction in flow separation evident in our fog visualizations.



In addition, we measured the wake mean velocity profiles for control-on vs. control-off using hot-wire
velocimetry. Figure 5 (right) shows the wake mean velocity profiles at a location downstream of the
trailing edge of the hemisphere along the direction of the centerline axis of the hemisphere. The
control-on velocity profile shows that the flow maintains its momentum to a significantly greater extent
than the control-off velocity profile, consistent with reduced flow separation by the plasma actuator.

Figure 4. Photographs of fog visualizations of control-on (top) vs. control-off (bottom) flow separation
on the hemisphere for freestream speed 8m/s and Reynolds number Re ~ 40,000.
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Figure 5. Surface pressure profiles (left) and wake mean velocity profiles (right) for control-on vs.
control-off flow separation on the hemisphere for freestream speed 8m/s and Reynolds number Re ~

40,000.



In summation, our experimental work focused on a wind-tunnel investigation of active control of flow
separation using a dielectric barrier discharge plasma actuator on a hemisphere mounted on an elevated
flat surface in a wind tunnel. Our flow conditions resulted in a Reynolds number of Re = 40,000 based
on the freestream speed of 8m/s and the hemisphere radius of 7.62cm. We conducted fog visualization
of streaklines in the flow around the hemisphere for control-on vs. control-off and we see a significant
reduction in the size of the separation region with active flow control. We also measured the surface
pressure coefficient which shows a recovery in the pressure coefficient for control-on vs. control-off.
Our wake velocity measurements further confirmed our observations of successful control of the
separation region. Our observations are important as comparison cases for further exploring active flow
control with pulsed plasma arrays and also for conducting computations of flow control on the
hemisphere.

2. Theoretical Aspects

We explored a variational theoretical formulation which enables computation of the difference between
the exact solution of the Navier-Stokes equations and a computational solution with the DOLFIN
method (Dynamic Object Oriented Library for Finite Element Computation) using a user-chosen global
flow quantity and an auxiliary theoretical variational equation. We demonstrated the use of this
theoretical variational formulation on its ability to generate automatically and adaptively computational
grids for flow around a curved surface and active flow control.

Theoretical variational principles and formulations offer global methods which are useful for practical
goals such as flow computations [11-17]. A helpful capability would be to have a variational
formulation which can be used to compute the difference between the exact solution of the Navier-
Stokes equation and a computed solution, based on a global flow quantity. Another helpful capability
would be to be able to use the theoretical variational formulation and the global flow quantity in order
to be able to refine computational grids with automatic adaptivity.

Such a variational formulation is possible in the framework of the DOLFIN method (Dynamic Object
Oriented Library for Finite Element Computation) [13, 15-16]. In the present study, we consider a
theoretical global flow quantity based on the inflow/outflow momentum and we demonstrate its utility
for flow around a curved surface and for active flow control. In section II, we consider the theoretical
variational formulation and we show results for flow computations. In section III, we state our
conclusions and implications.

The basic theoretical idea [13, 15-16] is to consider, in addition to the variational form of the
incompressible Navier-Stokes equations and the continuity equation, an auxiliary variational equation.
Let us denote by u the exact solution to the Navier-Stokes equation and by u, the numerical solution
computed with the DOLFIN finite-element method. The exact solution u satisfies the forced Navier-
Stokes equation and the continuity equation:

“:;_“;4—11.- Vu —vAut+ Vp=f,
ar
V-u=0.

The numerical solution u, satisfies the variational finite-element form of the forced Navier-Stokes
equation which is written as follows using Chorin’s splitting method to perform time stepping.



(o, =2 ) Atn, ) + (V- v + (0 Vg, Vo) = (f,0).

In Chorin’s method, the tentative velocity is computed first by ignoring the pressure as shown above.
After the tentative velocity is computed, the pressure correction is computed for evaluation of the flow
velocity:

(vpﬂ: vq} = _{v ) 'H'?n q}f‘ltn'
{ug,v) = {ug, v) — Aty (VP", v).

Conceptually, we can write the exact Navier-Stokes equation and the computational equation in terms
of variational bilinear and linear forms as follows:

a(u,v) = L(v)

a(up,v) = L{v)

The auxiliary theoretical variational equation [13, 15-16] and its resulting use for calculating the
difference between the exact solution and the computed solution, based on a global flow quantity, is as
follows:

M(u) — M(up) = a*(z,u — up) = alu —up, 2) = L(z) — alup, 2) = r(z)

where the a* is the adjoint bilinear form and the script A/ is any global flow measure. The above result

enables the use of this variational method for calculating the difference between the exact flow solution
and the computed flow solution, based on any global flow measure, as well as for mesh refinement
with automatic adaptivity.
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Figure 6: Initial mesh for flow around a semi-circular curved surface.

Figures 6, 7, 8, and 9 show examples of the successive refinements of a mesh for the flow around a
curved surface, where we use a global flow measure consisting of the inflow/outflow momentum
difference to automatically adapt the computational grid. We see that the variational formulation is able
to successfully refine especially in those flow regions where it is necessary to do so such as boundary
layers and separated shear layers.

Up to 14 levels of refinement were used and in each level of refinement the smallest scales were
reduced by a factor of two. Starting from an initial number of 1,256 of computational elements, there
are 13,329 computational elements after 14 levels of refinements. This is a much more efficient result
compared to approximately (214)"2 = (16,384)"2 ~ 268 million computational elements otherwise. In
our results, the difference between the exact solution and the computed solution after 14 levels of
refinement using our global inflow/outflow momentum measure is only 2.44x10"(-14) which shows
highly efficient automatic adaptivity.
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Figure 8: Automatically adapted mesh after 8 levels of refinement.
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Figure 9: Automatically adapted mesh after 14 levels of refinement.

Figure 10: Flow computed around the semi-circular curved surface with the adapted mesh at 14
levels of refinement.
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Figure 11: Active flow control results for an example of a plasma actuator on a horizontal wall.

In figure 11, we show another example of the use of the theoretical variational formulation for active
flow control computations. We considered developing a first-principles plasma computational
approach, but we were able to successfully use a previously-developed plasma computational model
[14] which we included in our computational variational DOLFIN method to obtain consistent results
for a standard horizontal-wall flow geometry [17] as shown in figure 11.

In summation, we explored the variational theoretical formulation which enables computation of the
difference between the exact solution of the Navier-Stokes equations and the computational solution
with the DOLFIN method (Dynamic Object Oriented Library for Finite Element Computation) using a
user-chosen global flow quantity and an auxiliary theoretical variational equation. We demonstrated the
use of this theoretical variational formulation on its ability to generate automatically and adaptively
computational grids for flow around a curved surface and active flow control.
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3. Computational Aspects

We computationally investigated flow separation and active flow control around a curved surface using
an adaptive variationally-optimized finite element method. We used the DOLFIN computational
method (Dynamic Object Oriented Library for Finite Element Computation) which solves the fluid
dynamics equations in variational form. The variational formulation of this method enables the
computational grid to be automatically adapted with a minimum number of computational elements,
based on a user-chosen global flow quantity, so that there are smaller scales in those flow regions
which necessitate small scales including for example flow separation regions. We obtained
computational results of control-on vs. control-off for the flow around a curved surface. Our
computational results showed a significant reduction in the flow separation region by active flow
control.

Practical computational methods for separated flows, including the challenge of computing turbulent
flow regions [11-16], need to be able to offer a balance of the advantages of DNS in some regions of
the flow where all scales are resolved and LES in other regions of the flow where only the larger scales
are directly resolved. For spatially three-dimensional and unsteady flow at significant Reynolds
number, conducting DNS throughout the entire flow region requires a very large number of
computational elements and this is very costly. In practice, therefore, a highly desirable approach will
be the one which can utilize only a relatively small number of computational elements and
automatically switch between DNS, in some regions of the flow, and LES, in other regions of the flow,
in an adaptive manner [13]. This requires a methodology by which the grid is automatically adapted.

Such an adaptive computational method is offered by the computational set of tools known as DOLFIN
(Dynamic Object Oriented Library for Finite Element Computation) as described in a number of
studies [13, 15-16]. In the present study, we utilize DOLFIN to compute the flow around a curved
surface mounted on a horizontal wall. This geometry is motivated by applications in which
hemispherical turrets are used to direct laser energy from aircraft and, more generally, is a challenging
case of flow separation over a curved three-dimensional surface and is thus relevant to all studies
involving separation at unsteady locations on a curved surface.

Our computations used the DOLFIN method (Dynamic Object Oriented Library for Finite Element
Computation) which enables adaptive computing with a minimum number of grid elements and
therefore minimum computational cost. The DOLFIN method solves the incompressible Navier-Stokes
equation in variational form. Its variational formulation includes an auxiliary variational equation
which enables automatic adaptivity of the computational grid based on a user-chosen global flow
quantity. We solved the incompressible Navier-Stokes equation and the continuity equation in
variational discretized form with Chorin's splitting method. We used Chorin’s splitting method to
perform time stepping and we used different iterative solvers and different preconditioners for different
steps of the solution process. In Chorin’s method, one first ignores the pressure in the momentum
equation and computes the tentative velocity. Then, a pressure correction is computed to evaluate the
actual velocity.

At the inflow, we imposed an incoming uniform flow. This inflow developed into boundary layers at
the bottom wall and top wall of the computational domain. At the outflow, we impose free flow
boundary conditions. On the curved surface and on the top/bottom flat wall surfaces, we used no-slip
boundary conditions. The solution was computed using continuous vector-valued piecewise quadratics
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for the velocity and continuous scalar piecewise linears for the pressure (Taylor-Hood elements). To
perform the adaptive mesh refinement automatically, we computed the global momentum difference
between the outflow and inflow stations which DOLFIN uses in order to adaptively refine the mesh.
Thus we used a minimum number of degrees of freedom optimized adaptively based on computation of
the global momentum difference.

Our computations were performed in 2D at a low Reynolds number of 400 around a semicircular curve
with steady flow imposed purposely in order to test this method with a future goal of extending the
Reynolds number to 40,000 for 3D unsteady turbulent flows around a hemisphere and comparison with
experiments we have also conducted. As stated above, our computations are adaptive in order to
minimize the computational cost by using a minimum number of degrees of freedom. We start our
computations with a coarse tetrahedral mesh. In subsequent iterations, the mesh is adaptively refined
with respect to the inflow/outflow global momentum difference and its comparison to the exact value
which is made possible by the variational formulation of this method. Figure 9 shows an example of the
adaptively refined mesh after 14 mesh refinements.

The optimized adaptivity produces automatically 13,239 computational elements in figure 10 after 14
levels of refinements where in each level of refinement the smallest scales are made smaller by a factor
of two. This is a significant reduction in the number of computational elements which, without
automatic adaptivity, would be approximately (2*14)*2 = (16,384)"2 ~ 268 million otherwise. The
difference between the adaptively computed solution and the exact solution is only 2.44x10"(-14) after
14 levels of iterations, based on the inflow/outflow global momentum difference. We emphasize again
that the ability of this method to compute the difference between the numerical solution and the exact
solution is made possible by its variational formulation.

Figures 11 and 12 show examples of our computational results for control-on vs. control-off for two
different flow geometries. Figure 12 shows our successful computational results of active flow control
on a semi-circular curved wall where the plasma actuator is located at an elevation angle of 90 degrees.
The flow Reynolds number and plasma actuator settings are the same as for our hemisphere
experiments. In other words, in figure 12 the plasma actuator is located at an elevation angle of 90
degrees on a semi-circular curved surface for otherwise similar flow conditions as in figure 10 which
represents the baseline control-off case. We see in figure 12 that our computations successfully reduce
the extent of the flow separation region for the control-on case, also shown with our experiments, in
comparison to the control-off case. Our successful flow control results were achieved as part of our
effort to eventually compute active flow control for 3D higher Reynolds number unsteady turbulent
flows such as the flow around a hemisphere.
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Figure 12: Examples of our computational results of active flow control-on (top/middle) vs. control-off
(bottom) on the semi-circular curved surface with comparison (top) to our hemisphere experiments.
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In summation, our computational investigations of flow separation and active flow control around a
curved surface were conducted using DOLFIN (Dynamic Object Oriented Library for Finite Element
Computation) and a plasma computational model. The DOLFIN computational method has a
variational formulation which enabled automatic adaptivity of the computational mesh. This generated
a minimum number of computational elements with minimum computational cost. The adaptivity
produced smaller scales in regions which necessitated small scales such as flow separation regions.
This adaptivity was achieved based on a user-chosen global flow quantity and the variational
formulation of this method. Our results showed successful computations of active flow control with
plasma actuation on a curved surface.
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