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Project Summary

Shock-wave boundary-layer interactions (SBLI) are key limiting phenomena in high-speed flight as
they are ubiquitous in a number of external and internal flow problems. The phenomena adversely
impacts both aerodynamic and propulsion performance of the vehicle including, control authority,
component fatigue life, and structural integrity. These effects, however, can be corrected using
appropriate methods of flow control. The SBLI phenomena in a supersonic inlet involve mutual
interaction of oblique shocks with boundary layers, forcing the boundary layer to separate from the inlet
wall. To improve the inlet efficiency, it is desired to prevent or delay shock-induced boundary layer
separation. In this effort, Innovative Technology Applications Company (ITAC), LLC and the University
of Notre Dame (UND) jointly investigated the use of dielectric-barrier-discharge (DBD) plasma actuators
for control of SBLI in a supersonic inlet.

The research investigated the potential for DBD plasma actuators to suppress flow separation caused
by a shock in a turbulent boundary layer. The research involved both numerical and experimental
investigations of plasma flow control for a few different SBLI configurations: (a) a 12° wedge flow test
case at Mach 1.5 (numerical and experimental), (b) an impinging shock test case at Mach 1.5 using an
airfoil as a shock generator (numerical and experimental), and (c) a Mach 2.0 nozzle flow case in a
simulated 15x15 cm wind tunnel with a shock generator (numerical). Numerical studies were performed
for all three test cases to examine the feasibility of plasma flow control concepts. These results were used
to guide the wind tunnel experiments conducted on the Mach 1.5 12° wedge flow (case a) and the
Mach 1.5 impinging shock test case (case b) which were at similar flow conditions as the corresponding
numerical studies to obtain experimental evidence of plasma control effects for SBLI control. The
experiments also generated data that were used in validating the numerical studies for the baseline cases
(without plasma actuators). The experiments were conducted in a Mach 1.5 test section in the University
of Notre Dame Hessert Laboratory.

The simulation results from cases a and b indicated that multiple spanwise actuators in series and at a
voltage of 75 kVp-p could fully suppress the flow separation downstream of the shock. The simulation
results from case ¢ showed that the streamwise plasma actuators are highly effective in creating pairs of
counter-rotating vortices, much like the mechanical vortex generators, and could also potentially have
beneficial effects for SBLI control. However, to achieve these effects, the positioning and the quantity of
the DBD actuators used must be optimized. It should be noted that all simulation results do not
incorporate pressure effects in the plasma model.

The experimental results were limited by the inability to generate a sufficiently high voltage due to
arcing in the wind-tunnel test-section. Simulations indicated that a minimum of 75 kVp-p was required to
obtain suppression of the separation bubble at atmospheric static pressures. However, at voltages greater
than 60 kVp-p arcs were formed to the tunnel side-walls which prevented any further increase in voltage.
This resulted in a generated body force which was significantly less than the amount used in the simulations.
Since the plasma body force scales as the applied voltage to the 3.5 power, the achieved body force was at
best less than half of what was required. This limitation was further compounded by the low (1 bar)
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stagnation pressure condition of the in-draft tunnel. This resulted in low static pressures at the design Mach
number that potentially reduced the plasma effectiveness and also exacerbated the observed arcs.

The plasma actuators used in the experiments made use of the developed design guidelines for low
static pressure operation. These included having a low capacitance per area in order to increase the
voltage needed to ionize the air, thus maximizing body force. This was achieved by using a thick
dielectric material. While these measures helped to extend the voltage range of the actuators, they were
insufficient to overcome the basic limitations of the facility. It should be noted that much of these
challenges are not consistent with the intended application. The low static pressures in the experiments
are not representative of the supersonic inlet application which is the focus of the study.

Despite the inability to match voltages between simulation and experiment, considerable effort was
made to replicate the simulated flow control conditions using the spanwise plasma actuators (for cases a
and b) in the wind tunnel experiments. To this end, the experimental flow field was documented using
Schlieren flow visualization, wall static pressure measurements, Preston tube measurements, and surface
shear-stress flow visualization. These measurements confirmed the essential similarity between the
simulated and experimental baseline conditions (without plasma actuators). In particular, static pressure
measurements confirmed the pressure distribution over the wedge while Preston measurements were used
to identify the location of the separation front which compared favorably to the simulations. The
Schlieren images also agreed perfectly with simulations.

1.0 Introduction

The proposed innovations are as follows:

[a——

Design and development of DBD plasma actuators for control of SBLI in a supersonic inlet

2. New and improved designs of DBD plasma actuators suitable for high-speed flow control
applications

3. Selection of dielectric materials that lower the capacitance of the plasma actuators that improved the

body force by an order of magnitude over earlier designs

The significance of the innovation are:

1. provides a capability to actively control or delay the onset of flow separation in supersonic inlets
without the need for boundary layer bleed or mechanical devices

2. reduces system complexity and costs in the application of a flow control device for SBLI control due

to its simple, light-weight design with no moving parts, which can be applied directly onto the surface

reduces power requirements for achieving flow control, and

4. 1improves vehicle performance in transient flow conditions through active control of DBD plasma
actuator control parameters for optimal operation at all times

98]

The proposed innovations of the DBD plasma actuator technology have the potential to significantly
reduce system complexity and power requirements of an active flow control system for use in supersonic
inlets. The DBD plasma actuators are sufficiently simple in design, in that they can be flush mounted with
little to no intrinsic drag, and can be turned off when not required. This makes it possible to develop a
system of actuators that have wide applicability with few design penalties applied over large surface
areas, which can also be dynamically re-configured in real time to focus the flow-control at the point of
maximum sensitivity depending on the present flow conditions. Additionally, the DBD plasma actuators
are fully electronic, low power devices with high bandwidth capabilities. With no moving parts or need
for plumbing whatsoever, the DBD plasma actuators make an attractive choice for use in future
propulsion systems. Finally, the use of high-temperature alloys and ceramics in their design would allow
operation in realistic engine environments.
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1.1  Background

The Supersonics Project under NASA’s Aeronautics Research Mission Directorate seeks technologies
that improve performance and efficiencies of propulsion and aerodynamic subsystems in air vehicles.
Shock-wave boundary-layer interactions are key limiting phenomena in high-speed flight as they are
ubiquitous in a number of external and internal flow problems. The phenomena adversely impacts both
aerodynamic and propulsion performance of the vehicle including, control authority, component fatigue
life, and structural integrity. These effects, however, can be corrected using appropriate methods of flow
control.

Flow control technology is viewed by many as a key component in the design of future vehicles.
Improving vehicle aerodynamics requires the control and manipulation of flowfield on aerodynamic
surfaces. This fundamental need has led to the development of many different flow control actuators and
control techniques over the years (Ref. 1). Examples of flow control can be separated into two classes:
passive and active. Examples include traditional and micro vortex generators (Refs. 2 to 4), suction
(Ref. 5), blowing (Ref. 6), oscillatory blowing/suction (Ref. 7), synthetic jet actuators (Ref. 8), and
plasma actuators (Refs. 9 and 10).

Several types of flow control devices have been investigated for SBLI control. These include, but are
not limited to, suction, blowing, mechanical vortex generators (VGs) (including micro-devices such as
micro-vanes, tapered micro-vanes and micro-ramps), and plasma actuators. Suction is not cost-effective
to implement and requires considerable amount of flow to be removed which results in reduced inlet
efficiency. Micro-VGs have been shown to delay shock-induced separations with significantly reduced
device drag when compared to traditional VGs. However, the presence of a mechanical device in internal
flows can still cause considerable damage to the system when it fails, hence, to improve the structural
rigidity, there is a need to develop a flow control solution that is easy to integrate and is less intrusive in
high-speed inlet flows. The limitations of the current mechanical and fluidic approaches to flow control
for the SBLI problem provide motivation for a fully electronic system based on the use of a DBD plasma
actuator.

1.2 DBD Plasma Actuators

DBD plasma actuators consist of two electrodes that are separated by a dielectric layer. One electrode
is exposed to the air and the other is insulated. A general configuration of a DBD plasma actuator is
shown in Figure 1. They have the electric properties of a capacitor and therefore are powered by an AC
voltage. When the AC amplitude is large enough, the air ionizes in the region of the largest electric
potential. The ionized air is referred to as a plasma. This generally begins at the edge of the electrode that
is exposed to the air, and spreads out over the area projected by the covered electrode.

The flow control mechanism in the DBD plasma actuator is through a generated body-force vector
field that energizes the boundary layer via momentum mixing. These actuators have demonstrated
promising applications in a wide range of internal and external flow-control problems. Although initially
considered to be useful only at low-speeds, they have recently been shown to be effective in a number of
applications at high subsonic, transonic, and supersonic Mach numbers (Ref. 10). This has largely come
from improved and optimized actuator designs developed through better understanding and modeling of
the actuator physics.

The method of flow control with the DBD plasma actuators is through the generated body force
vector field. An extensive effort has been made to develop computationally efficient models for the
plasma actuators. This includes work by Orlov (Refs. 11 and 12), Mertz (Ref. 13), and Mertz and Corke
(Ref. 14). These models have been fully validated with experiments. These studies are essential to predict
the response of the flow due to the presence of the plasma actuators, as well as in optimizing their
performance. For example they showed the benefit of the selection of dielectric materials that lower the
capacitance of the plasma actuators that improved the body force by an order of magnitude over earlier
designs (Ref. 15). An example of the body force vector field during one time instant in the AC cycle from
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simulations by Mertz and Corke (Ref. 14), is shown in the right part of Figure 1. This illustrates that the
largest body force vectors are oriented from the exposed electrode (thick red horizontal line) towards the
dielectric surface (thin red horizontal line). In addition, it illustrates the significant number of body force
vectors that are oriented towards the surface of the dielectric. This is a feature that is unique to other flow
control devices that makes it particularly effective at controlling flow separation. A detailed overview of
the DBD plasma actuators is provided in Corke et al. (Ref. 16). For a discussion on the physics and
underlying mechanisms of the aerodynamic plasma actuator, see articles by Enloe et al. (Refs. 17 and 18).

The attraction of this actuator as a flow control device lies in potential for a large payoff owing to its
special features that include, being fully electronic with no moving parts, having a fast time response for
unsteady applications, having a very low mass which is especially important in applications with high
g-loads, being able to apply the actuators onto surfaces without the addition of cavities or holes, having an
efficient conversion of the input power into fluid momentum, and the easy ability to simulate their effect
in numerical flow solvers. The simplicity in its design makes it possible to apply over large surface areas
with few design penalties, which can also be dynamically re-configured in real time to focus the flow-
control at the point of maximum sensitivity depending on the present flow conditions.

In this project, we investigated the use of DBD plasma actuators for control of SBLI in a supersonic
inlet. The SBLI phenomena in a supersonic inlet involve mutual interaction of oblique shocks with
boundary layers, forcing the boundary layer to separate from the inlet wall. To improve the inlet
efficiency, it is desired to prevent or delay shock-induced boundary layer separation. In this effort, we
examined the efficacy of DBD plasma actuators over a generic flat plate model for control of shock-
induced boundary layer separation using a combination of computational and wind tunnel experiments.
Two different designs of DBD plasma actuators were studies. These designs are discussed below.

a) Spanwise plasma actuator
In this configuration, the actuator consists of two asymmetrically overlapped metal

electrodes, separated by a dielectric material, as illustrated in Figure 1. The upper electrode is
exposed to the surrounding air and the lower (covered) electrode is fully insulated. When a
sufficiently high-amplitude ac voltage is supplied to the electrodes, the air over the covered
electrode ionizes. The ionized air is referred to as the plasma. The basis of this actuator is that the
plasma, in the presence of the electric field gradient produced by the electrode geometry, results
in a body force vector that acts on the ambient air. The electrodes extend in the spanwise
direction and the result of the imposed body force is the production of steady or unsteady near-
wall plasma-induced blowing, which adds momentum to the near-wall region of the boundary
layer. This is beneficial in terms of preventing flow separation.

Induced Flow

Exposed Electrode

N — Plasma
a.c. voltage y y
/ \
Dielectric Covered Electrode

Figure 1.—Schematic of a DBD plasma actuator (left) and computed body force vector field during an
instant in the AC cycle from Mertz and Corke (Ref. 14).
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Figure 2.—Schematic of plasma streamwise vortex generators (left) and photograph
of plasma vortex generators in operation (right).

b) Plasma streamwise vortex generator (PSVG)

The PSVG takes an alternate approach. Here, the exposed electrode is parallel with the mean
flow direction. In a more recent design, as shown in the left part of Figure 2, the edges of the
exposed electrodes are oriented at an angle with respect to the mean flow direction. The plasma is
forced in the spaces between the neighbor exposed electrodes. This is shown in the right part of
Figure 2 where the photograph captures the purple light emission of the plasma. The body force
vectors, Fy, are outward-perpendicular to the edges of the exposed electrodes. This design
produces streamwise oriented counter-rotating vortex pairs (of different strengths) that induce
cross-stream momentum transport and thereby prevent flow separation. The effect is similar to
that produced by passive vortex generators.

1.3 SBLI Control Approach

The proposed SBLI control approach is based upon early experimental findings reported by Thomas
et al. (Ref. 19) at the University of Notre Dame, on the mechanism of unsteady shock oscillation in SBLI.
The unsteady shock oscillation phenomenon was first noted in early qualitative studies by Bogdonoff
(Ref. 20), Price and Stallings (Ref. 21), Kaufman et al. (Ref. 22), and Winkelmann (Ref. 23). Several
investigations since then have suggested that shock oscillation is related to unsteady motions within the
separation bubble at the foot of the shock (Refs. 24 to 28), and that the oscillation of the shock front is
more severe when the flow exhibits separation. Based upon the literature cited, there can be little doubt
that the separation region plays an important role in shock oscillation. The experiments conducted by
Thomas et al. (Ref. 19) suggest a very strong global relationship between separation bubble motion and
shock oscillation. This experimental work (Ref. 19) was conducted in an open-return supersonic wind
tunnel located at the Hessert Laboratory at the University of Notre Dame (the same facility we used in the
present effort).

Building on these research findings, we conducted new numerical simulations and wind tunnel
experiments to develop a deeper understanding of the main mechanisms of SBLI, to guide us further in
the development of effective steady and unsteady DBD plasma flow control concepts for effective control
of SBLI. One of the main aspects of the present work was to obtain estimates on the influence of a DBD
plasma actuator located just upstream of the shock on the downstream boundary layer and separation
bubble. The following technical objectives were developed for this research effort.

2.0 Research Objectives

The overall objective of this research effort is to demonstrate the technical feasibility of the proposed
DBD plasma actuators for control of shock wave/boundary layer interactions in a supersonic inlet.
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The specific objectives are:

e Develop a flat plate floor model and necessary hardware for conducting SBLI control experiments
using DBD plasma actuators

e Investigate two configurations of DBD plasma actuators for SBLI control
Conduct experiments to demonstrate delay of shock-induced separation

e Conduct CFD simulations of promising PSVG configurations for detailed flowfield analysis and
prediction of shock-induced flow separation control

3.0 Work Accomplished

The research focused on investigating two specific designs of DBD plasma actuators for control of
shock-induced flow separation in a supersonic inlet. The first design featured a spanwise plasma actuator
and the second design featured a novel configuration referred to as PSVG where the plasma devices are
configured to mimic the effect of mechanical VGs. Both computational and experimental studies were
conducted in this effort to gain insight into the effect of these DBD plasma actuators.

To achieve the technical objectives, the research included the following technical approach.

3.1  Technical Approach

The approach involved numerical investigations of plasma flow control for a few different SBLI
configurations: (a) a 12° wedge flow test case at Mach 1.5, (b) an impinging shock test case at Mach 1.5
using an airfoil as a shock generator, and (c) a Mach 2.0 nozzle flow case in a simulated 15x15 cm wind
tunnel with a shock generator. The work largely involved independent numerical studies for all three test
cases to examine the feasibility of plasma flow control concepts.

Additionally, limited wind tunnel experiments were also conducted on the Mach 1.5 12° wedge flow
(case @) and the Mach 1.5 impinging shock test case (case b), at similar flow conditions as numerical
studies, to obtain experimental evidence of plasma control effects for SBLI control. The experiments also
generated data that were used in validating numerical studies for the baseline case (without plasma
actuators). The experiments were conducted in a Mach 1.5 test section in the University of Notre Dame
Hessert Laboratory.

3.1.1 Case a: Wedge Flow

The object of this study was to investigate the potential of DBD plasma flow control to suppress flow
separation caused by a shock generated upstream of a 12° wedge placed on the boundary layer wall.
Numerical simulations were conducted using Fluent to study the effect of spanwise DBD plasma
actuators on SBLI in a Mach 1.5 flow over a flat plate model containing a 12° wedge at the conditions of
the experiment. The study included a baseline flow case with no actuator and a case with two spanwise-
oriented plasma actuators in series.

3.1.2 Case b: Impinging Shock

The object of this study was to investigate the potential of DBD plasma flow control to suppress flow
separation caused by an impinging shock generated by a supersonic airfoil placed in the free-stream of the
test section. The first series of impinging shock simulations were performed for conditions caused by a
supersonic airfoil placed in the free-stream of the test section. The flow simulation was similar to that of
the wedge flow. It again utilized the Fluent flow solver. The simulations investigated a case of two
spanwise-oriented plasma actuators and a case of four spanwise-oriented plasma actuators for reducing
flow separation caused by the impinging shock.
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3.1.3 Casec: Nozzle Flow

The object of this study was to investigate the potential of DBD plasma flow control to suppress flow
separation caused by a shock generated using a shock generator plate in a 15x15 cm tunnel configuration
(at Mach 2), which was the object of study by researchers at NASA Glenn. A shock generator plate was
mounted in the tunnel, exactly as in the NASA experiments and simulations. The work by NASA
researchers examined mechanical vortex generators to control the shock-induced separation. In the
present numerical (only) study, we focused on a relatively new and an innovative design of a DBD
plasma actuator, referred to as a PSVG, in which the electrodes were oriented in streamwise direction,
which have been shown to generate vortices similar to mechanical VGs for use in flow separation control.
The study included a baseline flow case with no actuator, a case with two PSVGs, and a case with four
PSVGs. Estimates of boundary layer separation control using PSVGs were obtained. This numerical
study was conducted using Wind-US. As a matter of fact, Wind-US was solely used for case ¢
simulations.

In summary, the research involved the following studies

Case a: Wedge Flow
e Numerical studies using Fluent, Mach 1.5
- Control-off: baseline
- Two spanwise-oriented plasma actuators
e  Wind tunnel experiments, Mach 1.5
- Control-off: baseline (data used validating CFD baseline case)
- Plasma flow control: two spanwise-oriented plasma actuators (inconclusive data
due to hardware problems)
Case b: Impinging Shock
e Numerical studies using Fluent, Mach 1.5
- Control-off: baseline (similar to the baseline case of wedge flow)
- Two spanwise-oriented plasma actuators
- Four spanwise-oriented plasma actuators
e Wind tunnel experiments, Mach 1.5
- Control-off: baseline (data used validating CFD baseline case)
- Plasma flow control: two spanwise-oriented plasma actuators (inconclusive data
due to hardware problems)
Case c: Nozzle Flow
e Numerical studies using Wind-US, Mach 2.0
- Control-off: baseline (similar to the baseline case from NASA study)
- Two plasma streamwise vortex generators
- Four plasma streamwise vortex generators

3.2 Task Descriptions

3.2.1 Task 1. Experiments and Simulations Over a Flat Plate With a 12° Surface Wedge at
M=15

The object of this research program was to investigate the potential of DBD plasma flow control to
suppress flow separation caused by an impinging shock in a turbulent boundary layer. The experiments
were conducted in a Mach 1.5 test section in the University of Notre Dame Hessert Laboratory, shown in
Figure 3. The test section was previously used for SBLI studies by Thomas et al. (Ref. 19). A photograph
of the Mach 1.5 wind tunnel, and a portion of the test section with the 12° wedge are shown in
Figure 4. The test section dimensions are 5 in. (12.7 cm) wide by 3.8 in. (9.6 cm) high. The wedge model
is a removable floor piece which is located at the end of a slightly expanding 4-ft duct designed to
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Glass
Side-wall Ceiling
Junction

Figure 3.—Photograph of Mach 1.5 wind tunnel in the UND Hessert Laboratory (left) and portion of the
measurement section showing the 12° wedge with Preston tube and DBD plasma actuator.

r 6.5-deg Shock Generator

—

Plasma Actuator

Figure 4.—Photograph of the 12° wedge (left) and suspended supersonic airfoil (right) that were used to
produce shock-boundary layer interaction.

accommodate the growth of the boundary layer while providing a slightly favorable pressure gradient.
The test section was connected to a pair of vacuum pumps in the Hessert Lab. The air was pulled from the
laboratory space so that the tunnel stagnation pressure was Py = 1 bar. The vacuum pumps were capable
of maintaining the design Mach 1.5 indefinitely.

Two flow configurations and two DBD plasma actuator designs were investigated. The flow
configurations consisted of a 12° wedge placed on the boundary layer wall, and a supersonic airfoil that
served as a shock generator, which was suspended with an inclination of 6.5° in the free-stream above the
wall. The wedge model was similar to that used by Thomas et al. (Ref. 19). The supersonic airfoil had a
sharp leading edge and a blunt trailing edge. It was held in slots in the Plexiglass side walls at an angle of
attack so that the upper surface at the leading edge was parallel to the roof of test section.

3.2.2 Wedge Flow

Simulations were conducted using the commercial flow solver Fluent V12.0.1, with a grid generated
using Gambit. Gambit has since been discontinued by the parent company ANSYS and is no longer
available for use. The domain for these calculations can be seen in Figure 5. The dimensions of the
domain are provided in both physical units as well as the number of quadrilateral grid elements. Boundary
conditions are also given. Calculations were made using the steady two-dimensional, compressible flow
solver that incorporated the shear-stress transport k-o turbulence model to predict the boundary layer
growth. A density-based implicit formulation was used with a second-order Roe flux-difference splitting
scheme for the convective terms. A low time step CFL of 0.1 was used. Iterations were allowed to
proceed until convergence was achieved as monitored by flow residuals. The inflow was allowed to
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Figure 5.—Computational domain used for the simulations over a flat plate with a 12° surface wedge.

develop over a length of approximately 1.4 m to ensure a realistic boundary layer height approaching the
wedge model. Far-field boundary conditions were used to prescribe the Mach number upstream of the
wedge, while an outflow pressure boundary condition was used at the exit.

The 12° wedge model was examined at the conditions of the experiment. These were an inflow Mach
number of 1.5, and To =290 K and Py = 98.6 kPa. The case without the plasma actuator body force added
to the simulation represented the baseline condition. This was used to identify key parameters such as the
thickness of the boundary-layer at the location of the wedge, the location of the upstream shock, and the
locations of flow separation and re-attachment downstream of the shock.

The second flow simulation included the body force from a separate DBD plasma actuator simulation
developed by Mertz and Corke (Ref. 14). This body force model does not incorporate any pressure
dependence. The flow simulation included the effect of two spanwise oriented actuators in series. The
body force was steady with an AC frequency of 2 kHz and equivalent to an input voltage of 75 kVp-p.
The plasma actuators were located so that the upstream actuator (defined by the downstream edge of the
exposed electrode) was at the flow separation location, and the second actuator was located 1 cm
downstream of the first. The actuators were oriented so that the body forces were each in the mean flow
direction.

The results of the two simulations are presented in Figure 6. This is shown as contours of constant
Mach number. The boundary-layer develops to a height of approximately 0.55 in. (14 mm) at the point of
separation. Flow separation occurs just downstream of the shock at a position that is 1.13 in. (28.9 mm)
upstream of the base of the wedge. The flow re-attachment occurs on the wedge.

Validation of the baseline flow simulations was performed by comparing the streamwise pressure
gradient and skin friction in the boundary layer near the wedge measured from the wind tunnel
experiments. This is shown in Figure 7. The left plot in the figure shows the pressure gradient near the
wedge. The results from the simulation correspond to the star-symbols. The experimental results are
shown by the x-symbols. The location X = 0 corresponds to the base of the wedge. The agreement
between the simulation and the experiment is excellent close to the wedge. The deviation in the
experimental pressure ratio around X = —2 in. has been traced to a weak shock that originates in a joint in
the ceiling of the test section. This is illustrated in the overlay of the pressure measurements onto the
Schlieren image in Figure 8.

The overlay of the pressure distribution onto the Schlieren flow visualization in Figure 8 illustrates
that the large pressure rise near the base of the wedge coincides with the oblique shock. The pressure
gradient produced by the shock results in a flow separation. This is revealed in the skin friction
measurements.
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Figure 6.—Simulations of the flow over a 12° wedge without DBD plasma actuator (left) with two series
DBD plasma actuators at 75 kV (right).
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Figure 7.—Comparison between baseline flow simulation and experiment for the flow over a 12°
wedge at Mach 1.5.
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Figure 8.—Measured pressure gradient overlayed onto Schlieren flow image
that correlates pressure deviation between simulation and experiment with
unintended shock emanating from test section ceiling.

Wall skin friction from the simulation and the experiment are compared in the right part of Figure 7.
Again X = 0 corresponds to the base of the wedge. In this plot, the flow simulation result is shown by the
plus-symbols. The X-location where the skin friction is negative indicates the region where the flow is
separated. The star-symbols correspond to the experimental results based on an un-calibrated Preston
tube. The Preston tube extended through the center of the wedge on the floor. Its main purpose was to
indicate where the skin friction was near zero. It was not capable of measuring negative skin friction
associated with a flow recirculation region. The location where the Preston tube measurement is zero very
closely corresponds to the zero crossing location of the skin friction obtained from the simulation.
Therefore the location and extent of the flow separation caused by the shock is closely validated.
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The right part of Figure 6 shows contours of constant Mach number for the flow near the wedge when
the body force for the pair of DBD plasma actuators are included in the flow simulation. The plasma
actuator body force is observed to produce a sharp thinning of the boundary layer at their locations on the
wall, which is denoted by the arrows. More importantly, the pair of DBD plasma actuators completely
attached the flow downstream of the shock. As a result, the angle of the shock is steeper. In the application
of a supersonic inlet, the steeper shock would be a benefit leading to a better inlet pressure recovery.

Experiments were conducted with a plasma actuator that was designed to replicate as closely as
possible, the conditions in the flow simulations with the DBD plasma actuator body force included. To
generate the high voltage to the actuators a pair of Crown CE4000 amplifiers was used in conjunction
with two custom designed transformers configured in a parallel topology. The transformers feature a
winding ratio of 1:357 and have a frequency operating range from 1 to 7 kHz. A schematic of this can be
seen in Figure 9. The plasma actuator consisted of two electrodes that were separated by a dielectric layer
that consisted of 0.25 in. thick Plexiglass. The electrodes were 0.001 in. thick copper film. The covered
electrode was recessed in a 0.25 in. deep cavity. The cavity was then filled with a high-voltage epoxy
which insulated the covered electrode from metal parts of the test section.

Although the simulation used two plasma actuators that were spaced 1 cm apart, the scale of the
experiment made it impossible to replicate. The reason was that plasma would form at the upstream edge
of the exposed electrode. This would in principle, result in a body force in the opposite (upstream)
direction than desired. As a result only a single exposed electrode was used in the experiment.

Function Generator ot pscilloscope

splitter

amplifier 1

il
ral

amplifier 2

High

r Voltage
Probe

i
i

in/ 0w 10 w00w

Lo .
" Multimeter
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n ® | I

Figure 9.—Schematic of the plasma electronics used in the present study.
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Figure 10 shows photographs of the plasma actuators while operating in the Mach 1.5 flow. The top
photograph shows operation at a relatively ideal condition where a majority of the plasma (purple in the
image) is on the downstream (left in the image) side of the exposed electrode. The voltage to the actuator
in this image is approximately 50 kVp-p. At 50 kV, we could not detect a reduction in the size of the
separated flow region, or a change in the location of the shock near the wedge, which would be an
indication of a reduction in the flow separation.

The lower photograph in Figure 10 documents the plasma formation when the actuator voltage was
increased beyond 50 kVp-p. This shows plasma formation around the sides and on the upstream edge
(right side of the electrode in the image). A point plasma streamer is evident on the spanwise centerline of
the test section. This emanates from the edge of the metal floor of the tunnel. A further increase in the
actuator voltage would result in a constricted arc to the edge of the metal floor of the tunnel. This
occurred at voltages that were well under the 75 kV that the flow simulation indicated was necessary to
eliminate the flow separation.

Attempts were made to increase the body force by increasing the AC frequency of the plasma
actuator over a range from 1 to 6.5 kHz. The body force scales linearly with the AC frequency. However
we could not fully compensate for the difference in the AC voltage, in which the body force scales

nonlinearly (Vg'é )

Figure 10.—Photographs of the plasma actuators near the wedge at two different voltages at
Mach 1.5 flow.
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3.2.3 Task 2. Experiments and Simulations Over a Flat Plate With an Impinging Shock at
M=15

Simulations were also performed for conditions with an impinging shock caused by a supersonic
airfoil placed in the free-stream of the test section. A photograph of the experimental arrangement is
shown in the right part of Figure 4.

The flow simulation was similar to that of the wedge flow. It again utilized the Fluent flow solver,
with a grid generated using Gambit. The domain for this case can be seen in Figure 11. As before, the
calculations used a steady two-dimensional, compressible flow solver that incorporated a shear-stress
transport k-« turbulence model. Results for the impinging wall shock cases are presented as contours of
constant Mach number in Figure 12.

The baseline flow for the impinging shock simulation is shown in the left part of Figure 12. The dark
blue contours indicate low Mach numbers that suggest the presence of a flow separation region. This
coincides with the coincidence of the impinging shock from the leading edge of the suspended airfoil, and
the induced shock at the upstream edge of the separated flow region at the wall.

A Schlieren visualization for the impinging shock case is shown in the left part of Figure 13. The flow
direction is from left to right in the image. The suspended airfoil (shock generator) is out of view in the
top left of the image. The boundary layer wall is at the bottom of the image. The impinging shock is
clearly visible. The shock turns normal to the wall as it passes into the boundary layer. The reflected
shock initially is normal to the wall and then inclines to the Mach angle once it leaves the boundary layer.
The right part of Figure 13 overlays the Schlieren image with the Mach contours from the simulation.
This shows an excellent agreement between the experiment and simulation with respect to the shock
pattern. The height of the boundary layer, signified by the region where the shock is normal to the wall, is
also seen to agree well between the experiment and simulation.
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| ol | -]
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£ S ||
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e ke separation o 0
2 e | |g
s 21|
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The first plasma actuator is placed right on the separation location. The distance between the plasma
actuators is 0.01m. The AC frequency for the actuator is 2ZkHz

Figure 11.—Computational domain used for simulations over a flat plate with an impinging shock.

Figure 12.—Simulations of the flow with an impinging wall shock produced by a supersonic airfoil in the free-
stream without DBD plasma actuator (left) and with four series DBD plasma actuators at 75 kV (right).
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Figure 13.—Schlieren visualization of the baseline impinging shock structure at Mach 1.5 (left) and overlay of
Schlieren visualization and baseline simulation Mach contours (right).

Figure 14.—Photograph of plasma actuator while operating with impinging shock arrangement.

The effect of DBD plasma actuators on controlling the boundary layer separation downstream of the
reflected shock is shown in the right part of Figure 12. The flow simulation incorporated four plasma
actuators that were spaced 1 cm apart. The most upstream actuator was located just upstream of the flow
separation (dark blue region at the wall in the baseline simulation). The voltage of the plasma actuators
was again 75 kV.

The flow simulation with the four plasma actuators indicates that the boundary layer separation was
completely suppressed. In this case, compared to the shock-boundary layer interaction produced by the
wedge, the four plasma actuators were needed to fully maintain an attached flow. A simulation with two
plasma actuators operating at 75 kVp-p, could reduce the extent of the flow separation, but not eliminate
it completely.

Again, although the simulation used four plasma actuators that were spaced 1 cm apart, the scale of
the experiment made it impossible to replicate. Therefore as with the experiment with the wedge, only a
single exposed electrode was used in the experiment.

Figure 14 shows a photograph of the plasma actuator while operating in the Mach 1.5 impinging
shock arrangement. The operation is at a relatively ideal condition where a majority of the plasma (purple
in the image) is on the downstream (left in the image) side of the exposed electrode. The voltage to the
actuator in this image is approximately 50 kVp-p. The Preston tube is also visible on the surface of the
wall. This provided an indication of any changes in the flow separation region that were produced by the
plasma actuator.
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At 50 kV, we could not detect a reduction in the size of the separated flow region, or a change in the
location of the shock near the wedge, which would be an indication of a reduction in the flow separation.
Again, any further increase in the actuator voltage would result in a constricted arc to the edge of the
metal floor of the tunnel. This occurred at voltages that were well under the 75 kV that the flow
simulation indicated was necessary to eliminate the flow separation. As with the wedge experiments, we
attempted to compensate for the lower voltage by increasing the AC frequency. This however was not
sufficient.

3.2.4 Task 3. Numerical Simulations of Mach 2 Nozzle Flow in a 15x15 cm Wind Tunnel With a
Shock Generator Using Wind-US

The Wind-US (Ref. 29), a compressible 3-D Reynolds-Averaged Navier-Stokes (RANS) flow solver,
was employed to simulate the effect of plasma actuators on a shockwave boundary-layer interaction
configuration based on experimental (Ref. 30) and computational (Ref. 31) work done at NASA Glenn.
The original work employed vortex generators to control the shock-induced separation. We have repeated
the simulation, this time using two different PSVG configurations.

While the Mach number for this case is somewhat higher than originally intended for this work
(2.0 versus about 1.5), the 15 cm tunnel configuration was selected because of the quality and availability
of both related experimental and computational results. The latter were even achieved using a version of
the same solver (Wind-US) intended for the plasma simulations discussed below.

The NASA Glenn test rig consisted of a 15 cm supersonic wind tunnel with a Mach 2.0 nozzle. A
shock generator plate was mounted in the tunnel, exactly as in the previous experiments and simulations.
At the inflow to the nozzle, the total pressure was given as 15.41 psi, and the total temperature was
538.2R.

The overall computational geometry is shown in Figure 15. The domain begins with the nozzle inlet
at X = 0 ft. The throat is approximately at X = 0.6 ft, and the nozzle exits into the straight duct at roughly
x = 1.5 ft. The leading edge of the shock generator plate is at about X = 3.56 ft, and its trailing edge is at
X =4.0 ft (see Fig. 16). The domain ends roughly 6.9 ft downstream of the nozzle inlet. Only half of the
tunnel width (0.246 ft—7.5 cm) is modeled (symmetry conditions were employed along the center line).

In keeping with the previous CFD work of Hirt et al. (Ref. 31), and in contrast with the previous
experimental work of Hirt and Anderson (Ref. 30), the side wall was modeled as an inviscid wall.

Hirt et al. (Ref. 31) found that without this approximation, the boundary layer on the side wall grew
unacceptably large and contaminated the results. We therefore followed her practice and used viscous
walls only on the top wall, bottom wall, and the shock generator plate.

Figure 15.—Computational domain used for the simulations of the shock wave boundary layer interaction in the
NASA Glenn 15 cm tunnel (every 4" spanwise point shown).
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Figure 16.—Viscous wall boundaries in the vicinity of the shock generator plate
(every 4" spanwise point shown).
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Figure 17.—Constant Z section of computational mesh in vicinity of shock generator
plate (every other point shown).

The baseline computational mesh used for this work had identical constant-z cross-sections as those
used by Hirt et al. (Ref. 31) for the baseline runs without any vortex generators (thanks go to Drs. Hirt
and Georgiadis for working to provide that computational mesh to us). A sample cross-section in the
vicinity of the shock plate is shown in Figure 17.

Originally, we considered clustering points in the spanwise direction based on the desired position of
the plasma actuators. The final runs, however, used a dense, but uniform, spanwise spacing, since this
allowed maximum flexibility in the numbers and positioning of the plasma actuators. The final mesh used
for this work consisted of 20.4 million grid points which, for improved computational efficiency on
ITAC’s in-house cluster, were split into a total of 43 blocks. This allowed a maximum theoretical parallel
efficiency in excess of 95 percent on 40 processors (which is the number that was used).
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3.24.1 Numerical Methodology

The NPARC Alliance’s Wind-US solver was used to conduct the simulations discussed here.
Version 3.0, which was then in alpha testing, and is now nearing the end of beta testing prior to
production release, was used. The effects of the plasma actuators were predicted using an ITAC-
proprietary extension to the solver, which read in a specified body force field and applied it according to
user-specified criteria (e.g., position, orientation, size, and amplification factor). The force field itself was
computed by Notre Dame using the in-house models they have developed over the last decade of working
with plasma actuators.

Convective terms were computed using the HLLC scheme with second order physical space-based
flux interpolation. The van Albada TVD limiter was employed. Block-to-block communication used the
so-called “average” coupling algorithm. This has been found to be significantly more stable than the
default Roe coupling methods. Thus, the timestep could likely have been increased beyond the CFL of
0.7 which was used, but this more conservative number was used in order to avoid any delays due to
instability caused by an excessively large time step.

In general, the simulations were run in steady-state mode from scratch for 20,000 steps. Block
communication was performed at each step (i.e., “I'TERATIONS PER CYCLE 1” was used). Implicit
wall boundaries were employed, as was the DQ limiter. An extrapolation boundary condition was
employed for the downstream exit, while symmetry was employed at the tunnel centerline (as mentioned
above). Viscous walls were assumed to be adiabatic. The Menter Shear Stress Transport (SST) RANS
turbulence model was employed for all runs. Notes for the original mesh obtained from Hirt indicate that
the initial spacing off the viscous walls corresponds roughly to y+ of 2.

3.24.2 Baseline Case

The baseline case, as mentioned above, consisted of the tunnel configuration without any plasma
actuation. A representative set of Mach contours in the flow domain is shown in Figure 18. Looking at the
region in the immediate vicinity of the shock generator plate in Figure 19, the incoming boundary layer is
clearly seen to interact with the well-resolved shock coming of the leading edge of the plate. The resulting
small separation region is visible as the blue contours underneath the reflected shock on the lower wall.

Figure 20 shows pressure contours on the lower wall of the tunnel beneath the shock plate. The
pressure rise on the right side indicates where the shock from the generator plate meets the boundary layer
on the wall. As expected for this baseline case, the flow is essentially two-dimensional. Figure 21 shows
the region of separation on the lower wall as revealed by the changing sign of the viscous stress tensor.

. ou . o . .
Specifically, contours of p— are shown. Another way of seeing the same thing is to examine the sign of

the streamwise velocity component a small distance above the wall (2e-5 ft in this case), as shown in
Figure 22. Note that the two predicted separation regions agree closely with each other, and again, the
two-dimensional nature of this flow is apparent.

A side view (on a constant-Z plane) of streamwise velocity contours is shown in Figure 23. Again, the
blue contours at the lower tunnel wall indicate the extent of the shock-induced separation region. This
compares extremely well with Figure 9 in the Hirt et al. (Ref. 31) paper (allowing for differences in the
viewpoints and the plotting packages). Figure 24 shows a close-up of the streamwise velocity contours
underneath the shock generator plate. This view gives a better indication of the extent to which the
recirculation region penetrates into the flow.

Table 1 shows boundary layer profiles at several streamwise stations in the flow. The shock is seen to
be approaching the top of the boundary layer by x = 3.8 ft. Recirculation is seen at the X = 3.9 and 3.95
locations, and the flow is reattached by the four foot station.
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Figure 18.—Mach number contours on a constant Z cross-section of the full
domain in the baseline case.
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Figure 19.—Mach number contours on a constant Z cross-section in the vicinity of
the shock-boundary layer interaction region of the baseline case.
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Figure 20.—Pressure contours on the lower wall beneath the shock plate in the
baseline case.
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Figure 21.—Separation region (between black lines) in the baseline case as
indicated by viscous stress on the lower wall.

Figure 22.—Separation region in the baseline case as indicated by streamwise
velocity component near the lower wall.

Figure 23.—Side view of the streamwise velocity contours around the shock-
boundary layer interaction region.

NASA/CR—2012-217448 19



U velocity (fps)
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Figure 24.—Streamwise velocity contours in the shock-boundary layer
interaction region in the baseline case.

TABLE 1.—BOUNDARY LAYER PROFILES AT VARIOUS STREAMWISE
STATIONS IN THE BASELINE CASE
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3.2.4.3 Two Actuator Case

The first case with plasma modeled a configuration with two PSVG actuators. These actuators were
aligned streamwise with the flow, but with opposite orientations, so as to create a counter-rotating vortex
pair similar to that from the micro-ramps modeled by Hirt et al. (Ref. 31).

The actuators were located on the lower wall of the tunnel between X stations of about 3.54 and
3.63 ft. This corresponds roughly to a position beneath the leading edge of the generator plate. Spanwise,
the actuators were positioned at approximately Z = 0.138 ft and Z = 0.19 ft. It must be emphasized that, in
this work, no attempt has been made to optimize the position or number of actuators.

Figures 25 and 26 show Mach number contours on constant-Z planes. The spanwise location is at the
mid-point between the two actuators. Compared to the corresponding plots of the baseline case, there is
not much obvious difference with the addition of the plasma. Taking a closer look, however, reveals that
the plasma fields have a noticeable impact on the flow, as will be shown below.

The locations of the plasma actuators are clearly highlighted in the pressure contours on the tunnel
wall shown in Figure 27. The shock-boundary layer interaction region is shown to no longer be
completely two-dimensional, as it was in the baseline case.

The impact of the twin actuators on the separation is more dramatic, as shown in Figures 28 and 29.
Compared to the baseline case, the case with two actuators has increased separation directly behind each
actuator, but almost eliminated it in an area between the two. If an actuator configuration can be devised
which minimizes the former and maximized the latter, then this technology could be a highly effective
means to control shock-induced separation.

Figures 30 and 31 show side views of contours of streamwise velocity. The two z-locations
correspond to a plane directly between the two actuators and another almost at the centerline of the test
section (modeled with symmetry in the current simulations). Compared to the original baseline plot of the
same thing (Fig. 24), both plots show a reduced region of separation.

The effect of the plasma actuators on the streamwise component of vorticity is explored next.
Figures 32, 33, and 34 show cross-section beginning with one significantly upstream of the actuation
region and ending slightly upstream of the shock impingement region. As expected, no significant
vorticity is present in the upstream plot (Fig. 32). The plane just downstream of the actuators (Fig. 33),
however, shows a strong impact from the plasma fields.

The final plot in this sequence (Fig. 34), which corresponds to a location somewhat upstream of the
shock impingement location. At this point, the effect of the plasma actuators can be seen in the presence
of two primary counter-rotating vortices. There are hints in the figure of secondary vortices also, but these
are less well resolved.

Tables 2 and 3 show boundary layer profiles at various points at two different spanwise locations
(again, midway between the actuators and just outboard of the tunnel centerline). The profiles are very
similar to the baseline case, but the region of separation is clearly reduced, with reverse flow shown only
in the X = 3.95 ft station on the near-centerline plane. At that, the recirculation region is seen only in the
automatically chosen scales (with negative values) plotted.

Figure 25.—Mach number contours on a constant Z cross-section of the
full domain in the two actuator case.
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Figure 26.—Mach number contours on a constant Z cross-section
in the vicinity of the shock-boundary layer interaction region of
the two actuator case.
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Figure 27.—Pressure contours on the lower wall beneath the shock
plate in the two actuator case.
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Figure 28.—Separation region (between black lines) in the two
actuator case as indicated by viscous stress on the lower wall.
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Figure 29.—Separation region in the two actuator case as
indicated by streamwise velocity component near the lower wall.

Figure 30.—Streamwise velocity contours in the shock-boundary
layer interaction region in the two actuator case on a Z = 0.164 ft
cross-section.

Figure 31.—Streamwise velocity contours in the shock-boundary
layer interaction region in the two actuator case on a Z = 0.24 ft
cross-section.
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Figure 32.—Contours of x-vorticity upstream of the actuator
locations in the two actuator case.
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Figure 33.—Contours of x-vorticity just downstream of the actuator
locations in the two actuator case.
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Figure 34.—Contours of x-vorticity slightly upstream of the shock-
boundary layer interaction region in the two actuator case.
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TABLE 2.—BOUNDARY LAYER PROFILES AT VARIOUS STREAMWISE
STATIONS ON THE Z =0.164 FT PLANE IN THE TWO ACTUATOR CASE
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TABLE 3.—BOUNDARY LAYER PROFILES AT VARIOUS STREAMWISE
STATIONS ON THE Z = 0.24 FT PLANE IN THE TWO ACTUATOR CASE
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3.2.4.4 Four Actuator Case

The second plasma actuation case simulated in this work consisted of four actuators placed across the
half-span. The streamwise positions were the same as for the two actuator case, with spanwise locations at
(approximately) Z-coordinates of 0.05, 0.063, 0.171, and 0.183 ft. The actuators were arranged, similar to
before, in a streamwise sense to create pairs of counter-rotating vortices. Again, it must be emphasized
that no attempt was made to optimize the placement of these actuators for this work.

Figures 35 and 36 represent the Mach number contours on a constant-z cross-section in the four
actuator flowfield. Whereas the same location in the two actuator case corresponded to a region of high
benefit from the actuation (i.e., the flow separation was effectively eliminated at this spanwise location),
for the four actuator case, this is close to the worst location to plot (as will be shown below). While not
easily seen on Figure 35, a close inspection of Figure 36 reveals a larger and stronger region of separation
than shown on the previous Mach number contour plots.

The location of the actuators and their effect on wall pressure levels is shown in Figure 37. In this figure,
clearly the actuators are having an effect on the shock-impingement region. The effect appears to be
roughly similar to that seen in the two actuator case.

Mach number
z=10.16404 ft
25
2.0
1.5
1.0

0.5

0.0

Figure 35.—Mach number contours on a constant Z cross-section of the full
domain in the four actuator case.

Mach number
z=0.16404 ft

Figure 36.—Mach number contours on a constant Z cross-section in the vicinity
of the shock-boundary layer interaction region of the four actuator case.
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Figure 37.—Pressure contours on the lower wall beneath the shock plate in
the four actuator case.

The separation region at the lower wall for this case is visualized in Figures 38 and 39. Comparing
this result to that of the two actuator case (Figs. 28 and 29) hints that the current arrangement of actuators
could be significantly improved. Specifically, while both plots show a reduction of separation in some
regions behind the actuators, the pairing of the actuators (with a relatively small gap between them)
appears to be limiting the beneficial effects. Instead, these plots suggest that perhaps a uniform
distribution would provide better results.

The streamwise velocity contour plots shown in Figures 40 and 41 indicate the extent of the
separation region. As noted before (in the above discussion of the Mach number contours), the two
spanwise locations shown are not the best choices for highlighting the benefits of plasma actuators. The
first, at Z = 0.164 ft is located very near the location of greatest separation. Compared to the earlier plots
from the baseline case and the two actuator case, the recirculation extends further into the flow and is
clearly more intense. The second location, near the centerline, is not so obviously bad, but still exhibits
noticeable separation in the shock-boundary layer interaction region.

The behavior of the streamwise component of vorticity is shown in Figures 42 to 44. As before, the
region upstream of the actuators shows no significant vorticity. A complex set of irregular counter-
rotating vortices is shown immediately downstream of the actuators. By the time that the flow reaches the
shock-impingement region, however, these counter-rotating vortices have resolved themselves into a
dominant pair, with two secondary pairs outboard of them, and (perhaps) a tertiary pair inboard of the
dominant set (here, inboard and outboard are defined by the locations of the primary vortex pair and do
not refer to the tunnel configuration). As mentioned before, it appears plausible that a different
arrangement of actuators could be designed which would have a greater beneficial effect on the
recirculation region.

The negative effects on recirculation that are possible with plasma actuation are illustrated in Table 4.
These velocity profiles are taken from the Z = 0.164 ft spanwise station, which represents nearly a worst-
case scenario for the current runs. The significant strengthening of the recirculation is readily apparent.
On the other hand, Table 5 represents a much more benign location, with the profiles more similar to
those seen in the baseline case.

The three cases, therefore establish that plasma actuation with the actuators aligned streamwise with
the flow, could potentially have beneficial effects. To achieve these effects, however, the positioning of
the actuators must be optimized, or there is a risk of achieving the opposite of what is intended.
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Figure 38.—Separation region (between black lines) in the four actuator
case as indicated by viscous stress on the lower wall.

Figure 39.—Separation region in the four actuator case as indicated by
streamwise velocity component near the lower wall.
U velocity (fps)

z =0.16404 ft
1900

1350

Figure 40.—Streamwise velocity contours in the shock-boundary
layer interaction region in the four actuator case on a Z = 0.164 ft
cross-section.
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Figure 41.—Streamwise velocity contours in the shock-boundary
layer interaction region in the four actuator case on a Z = 0.24 ft
cross-section.

X-vorticity
x=3ft

16000

I 3000

0

W-3000

-6000

Figure 42.—Contours of x-vorticity upstream of the actuator locations
in the four actuator case.
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Figure 43.—Contours of x-vorticity just downstream of the actuator
locations in the four actuator case.
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Figure 44.—Contours of x-vorticity slightly upstream of the shock-
boundary layer interaction region in the four actuator case.

TABLE 4—BOUNDARY LAYER PROFILES AT VARIOUS STREAMWISE STATIONS
ON THE Z=0.164 FT PLANE IN THE FOUR ACTUATOR CASE
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TABLE 5.—BOUNDARY LAYER PROFILES AT VARIOUS STREAMWISE STATIONS ON
THE Z = 0.24 FT PLANE IN THE FOUR ACTUATOR CASE
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4.0 Conclusions

The research investigated the potential for DBD plasma flow control to suppress flow separation
caused by an impinging shock in a turbulent boundary layer. The investigation involved both computer
flow simulations and experiments. Both of these included two configurations of DBD plasma flow
control. In addition, two shock-boundary layer interaction configurations were examined. One was
produced by the presence of a 12° wedge on the wall in the boundary layer. The other was produced by a
supersonic airfoil that was suspended in the free-stream. The experimental flow field was documented
using Schlieren flow visualization, wall static pressure measurements, Preston tube measurements, and
surface shear-stress flow visualization. In support of the wind-tunnel measurements, a tunnel modification
was implemented to reduce the cross-sectional area. The test section ceiling panel height was reduced
0.5 in. to account for an 8 percent reduction in volumetric pumping capacity resulting from the
replacement of the original vacuum pump system with a newer system within the last 5 years. The change
in volume capacity had the unanticipated effect of preventing the tunnel from achieving fully sonic flow
with the use of the wedge models. By reducing the height from 4.5 to 4 in. it was possible to restore
supersonic operation to the facility while maintaining sufficient area for experimentation.
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The baseline CFD simulations of the two flow configurations agreed well. The Fluent simulations that
included the DBD plasma actuator body force indicated that multiple spanwise actuators in series and at a
voltage of 75 kVp-p could fully suppress the flow separation downstream of the shock. Another series of
simulations using Wind-US indicated the ability of streamwise plasma actuators to suppress flow separation
downstream of the shock, although the resulting flowfield was not as clean as the spanwise actuator case.
Considerable effort was made to replicate the simulated plasma control conditions in the experiments.
However, we were unable to overcome the wind tunnel constraints of having a low (1 bar) stagnation
pressure, and the proximity of metal test section side walls. The former resulted in a low static pressure at
the design Mach number that required higher voltages in order to achieve the body force levels used in the
CFD simulations. The latter limited the plasma actuator voltages before arcing to the metal structure would
occur. The CFD simulations accounted for the effect of the low static pressure on the DBD body force.

The plasma actuators used in the experiments made use of the developed design guidelines for low
static pressure operation. These included having a low capacitance per area in order to increase the
voltage needed to ionize the air. This was achieved by using a thick dielectric material. The low static
pressures in the experiments are not representative of the supersonic inlet application. Therefore in order
to overcome the difficulties presented by the low pressures in the current setup, as well as to make the
results more relevant to the application, in future work, we propose to use a supersonic test section that
will be connected to the UND high-pressure blow-down facility. This would allow stagnation pressures of
up to 23 bar, which at the design Mach 1.5, would result in static pressures as high as 6.2 bar. Besides the
important demonstration of DBD shock-boundary-layer control, the experiments would provide
conditions with which to validate the DBD modeling at high pressures and Mach numbers.
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