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Abstract:

Reduction of the turbulent viscous skin friction of supersonic aircraft significantly de-
creases the overall drag, thus increasing the energy efficiency and therefore the aerody-
namic efficiency during flight. Eagle Harbor Technologies, Inc. has developed a plasma
injector and pulsed power system, which will be used to efficiently reduce the viscous
skin friction 1n supersonic aircraft. Though plasma drag reduction was conceived over
two decades ago, the technology was significantly limited by the paucity of power supply
technologies, which can simultaneously deliver sufficiently high voltage and high power
over the duration of a flight. Eagle Harbor Technologies has developed proprietary
pulsed power systems that efficiently deliver high-voltage, high-power pulses at mega-
hertz frequencies using nanosecond switching technology. During the initial phase of
this research, we have: 1) Studied the physics of pulsed plasma drag reduction through
computational investigations of capacitive discharges; 2) Tested several plasma injector
prototypes 1n the laboratory at atmospheric conditions; and 3) Used insights gained
through our investigations to optimize the performance of our plasma injector for maxi-
mum aerodynamic efficiency. This investigation has focused on flight-relevant Reyn-
olds numbers at low supersonic (M<~ 3) speeds.

Theory and Background:

Due to low partial 1onization fractions at atmospheric conditions, electromagnetic flow
control for supersonic drag reduction has not been reliably demonstrated. Rather, plasma
pulses deposit thermal energy into the flow field which dissipates energy around the air-
foil through baroclinical vorticity generation. As the hot plasma region expands adiabat-
ically, the local density plummets and the local sound speed increases significantly. Vor-
tices are generated 1n the baroclinical regions, which dissipate energy around the airfoil
at the enhanced local sound speed. The airfoil ideally travels through a pillow region in
which the local sound speed is higher than the vehicle’s speed. Viscous skin friction 1s
also decreased through modification of the local viscosity due to its temperature depen-
dence, and through vorticity generation due to Richtmyer-Meshkov instabilities in the
boundary layer region of the airfoil. The dominant mechanisms for plasma drag reduc-
tion are therefore based on fluid dynamical and thermodynamical effects rather than
electromagnetic effects. Nonetheless, plasma injection remains an efficient method for
depositing energy into the supersonic flow field. The salient features are:

* Inject plasma to rapidly heat an extended path ahead of the shock wave.

* A long, hot, low-density core is created through the rapid expansion of the hot plasma

* The vehicle’s bow shock expands into the core, increasing the standoff distance.

» The shock bows as the core provides a route for the high pressure front to escape
around the aircraft.

* [deally: increase wave speed 1n the core above the speed of the aircratft.

» Allows for forward jets to dissipate pressure around the vehicle.

* Vorticity 1s generated in baroclinical regions.
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Modeling and Numerical Methods:

Simulations have 1nitially focused on detailing the macroscopic drag reduction phe-
nomena through computational fluid dynamics (CFD) calculations. CFD simula-
tions capture the plasma as an injected hot gas, which expands into the flow and
around the airfoil. Simulations have been run using the FLASH4 multiphysics simu-
lation code developed by the DOE NNSA-ASC OASCR Flash Center at the Univer-
sity of Chicago and the SimMHDxyz finite difference magnetohydrodynamics
(MHD) code developed by Doug Hendrix at ExoAnalytic Solutions.

Drag Calculations:
*Defining the drag coefficient as Cp = 2Fp/(poc U% LBody )-

*With the pressure drag force defined as Fp = / (P — Poo )nNdA .
S

*And the viscous skin friction drag force defined as F_ = / . ndA .
S
*We are therefore able to evaluate the effect of hot plasma energy deposition on
airfoil drag under various physical scenarios at Mach 1-3 flow speeds.
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Total drag (left) and skin friction drag (middle-left) vs. distance between the airfoil and the plasma. Pres-
sure (middle-right) and density (right) pseudo-color plots comparing the distance between the airfoil and
the hot plasma. The plasma expansion and the overlap between the Mach waves affect the resulting drag.
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Pressure drag (left), skin friction drag (center), and total drag (right) vs. Reynolds number for a rounded

cylinder (top) and thin plate (bottom). Pressure and skin friction drag cease to be effected by Reynolds

number by Re>10,000 with slightly more sensitivity to skin friction drag in the thin plate case.

Pressure drag (left), skin friction drag (center), and total drag (right) vs. injected plasma pressure. The
maximum pressure drag reduction occurs at 10 times the ambient pressure where as the maximum vis-
cous skin fiction drag reduction occurs at 40 times the ambient pressure.
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Experimental Results:

Laboratory work has initially focused on generating atmospheric plasmas that maxi-
mize the energy deposited upstream of the airfoil. Several electrode configurations
have been constructed and ambient temperatures in the proximity of the electrodes
have been measured and fit to theoretical predictions. Inductive and dielectric barrier
discharge plasma injectors have also been constructed. Several EHT proprietary
pulsed power supplies have been configured for plasma injection. The technology
can deliver:

*Megahertz pulsed power frequencies.

*Nanosecond pulse width and switching capability.

*Up to 20kV of 1solation routinely with more readily possible.

~]1 MW peak power and 1kW total continuous power.
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Summary and Conclusions:

*Simulation results demonstrate 25% drag reduction for cases where the injected
plasma 1s heated to 10 times the ambient temperature.

*Thermocouple measurements demonstrate 10 fold heating in the cylindrical region
adjacent to laboratory capacitive discharges with temperatures 1n the arc known to
rise to tens of thousands of Kelvin.

*Simulation results show that the optimum plasma 1njection region lies upstream of
the airfoil, such that some adiabatic expansion of the heated region occurs.

*Drag reduction power estimates are attainable based on available on-board generato
capacities.

*Fully 1on1ized MHD calculations have not shown significant drag reduction beyond
thermodynamical effects that are recovered by CFD.

*Initial inductive discharges have been investigated, but have proven difficult to
achieve at atmospheric conditions.

*Robust, ~1 meter, sustained dielectric barrier discharges have been demonstrated in
the laboratory.




