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Abstract

A magneto aerodynamic channel was designed and constructed to investigate plasma
flow control. Detailed, spatially resolved measurements of DC discharges in the channel
freestream were obtained using Langmuir probes, microwave absorption, and emission
spectroscopy. Flow-off discharges were compared to flow-on discharges. The flow
exaggerated nonuniformities in number density and conductivity that were present
without flow. Conductivity was highest near the cathode, and air flow increased
conductivity by two orders of magnitude near the cathode, compared to a no-flow
discharge. There was no significant increase in translational temperature, except near
electrode surfaces. There was some limited evidence of vibrational relaxation
downstream.

After the plasma characteristics were measured, longitudinal DC discharges were created
between surface electrodes on a flat plate. Transverse magnetic fields applied parallel to
the plate surface created Lorentz forces either into or out of the plate surface. With no
applied magnetic field, the discharge increased surface pressure through boundary layer
heating and subsequent viscous interaction. A Lorentz force directed into the plate
inhibited surface pressure increases, and a Lorentz force in the opposite direction
enhanced them. Although this is consistent with a Lorentz force acting on the fluid, Joule
heating is the dominant effect. It is unclear how much of the magnetic field effect was
due directly to a Lorentz force, and how much was due to Joule heating modification by
the magnetic field.



1. Plasma Flow Control for Boundary Layers

1.1. Introduction

Since the beginning of powered flight, the necessity of modulating fluid momentum
about flight vehicles has been recognized. This modulation has taken such forms as flaps
or ailerons for attitude control, or suction or blowing to alleviate undesirable momentum
changes. Traditionally, fluid momentum was modulated by mechanical actuators. The
application of magnetohydrodynamic (MHD) forces and Joule heating to plasmas creates
the possibility of no-moving-parts flow control.

Viscous phenomena assume a special importance in hypersonic flight. An overriding
concern is heat transfer, which is primarily a boundary layer phenomenon. Frictional
heating causes the boundary layer thickness to increase as Mach number increases,
leading to viscous interaction between the growing boundary layer and the external
inviscid flow, altering the vehicle pressure distribution. The interaction of thick
boundary layers with control surfaces may reduce control effectiveness. Although wave
drag dominates blunt configurations, skin friction drag becomes important for slender
configurations.*

The effects of viscous phenomena depend to a great extent on whether the boundary layer
is laminar or turbulent. Estimates for the National Aerospace Plane (NASP)? showed that
the payload-to-gross-weight ratio would nearly double if the vehicle boundary layer were
fully laminar, compared to fully turbulent.

A generic hypersonic transport was considered in Ref. 1 to assess the relative effects of
skin friction and heat transfer. The hypersonic transport described in Ref 3 was chosen as
a baseline. For this study, the vehicle was sized at 61 m in length, a reasonable value for
vehicles designed for sustained hypersonic flight. The longer the vehicle, the greater the
wetted area and the greater the contribution of skin friction. The analysis conditions were
Mach 8, 10, 12, and 14. The altitude was varied at each Mach number to keep the
freestream dynamic pressure constant at 71.8 kPa, which is again a reasonable value for
an airbreathing trajectory. These conditions produced Reynolds numbers based on
freestream conditions and vehicle length from 131x10° (Mach 14) to 247x10° (Mach 8).
The configuration was analyzed using the Supersonic, Hypersonic, Arbitrary Body
Program (SHABP).* SHABP calculates skin friction using correlations based on the
length Reynolds number along each body panel. The boundary layer was treated as
either all laminar or all turbulent to provide upper and lower bounds on skin friction.
Calculations were carried out for zero angle of attack. The inlet was treated as flow-
through, and no drag was calculated for the internal surfaces. The results here are
representative of large, slender vehicles with significant wetted area.

Figure 1 shows that the for fully laminar or fully turbulent conditions, the percentage of
drag due to skin friction varies little over the Mach number range examined. For fully
turbulent flow, skin friction contributes over 30 percent of the overall vehicle drag. For
fully laminar flow, the skin friction contribution is about 10 percent. Given the large
length Reynolds numbers, it is quite likely that the bulk of the flow over the vehicle is
turbulent, even at the highest Mach number. A similar vehicle analyzed by Finley®



showed 65 percent to 100 percent of the vehicle area turbulent at Mach 15, depending on
whether a correlating factor of Re4/M = 300 or 100 (respectively) was used.

Heat transfer to the vehicle was estimated from the skin friction results, using the
Reynolds analogy, ¢, =1/2c, . The ratio of fully laminar to fully turbulent heat transfer,

integrated over the vehicle, is shown in Figure 2. At Mach 8, turbulent heat transfer is up
to eight times laminar heat transfer. Increased heating has a negative impact on vehicle
performance. Heating must be managed either through increased thermal protection or
active cooling, or by restricting the vehicle trajectory to limit higher velocity flight to
high altitude. The first strategy results in increased weight, and the second results in
reduced range.

The requirement to control boundary layer transition and boundary layer thickness in
airbreathing hypersonic engines and inlets has been noted.® The presence of the
boundary layer has a number of deleterious effects on engine performance.” The
boundary layer increases flow distortion and reduces mass flux through the inlet.
Boundary layer separation, which is a strong function of the state of the boundary layer,
laminar or turbulent, exacerbates these effects and also can lead to unsteadiness and
locally increased heating. The study cited in Ref. 6 listed surface discharges for reducing
skin friction and controlling transition as a technology worthy of further investigation.

The benefits of being able to control the development of the viscous boundary layer on
high-speed vehicles are clear. A number of factors make plasma boundary layer control
an attractive option. At high hypersonic Mach numbers where boundary layer ionization
is thermal in nature, the highest temperatures and ionization levels downstream of the
bow shock will occur within the boundary layer.® For control methods involving
artificially ionized plasmas, boundary layer control relies on ionization of only the near-
body fluid, in contrast to inviscid flow-control schemes involving the ionization of large
volumes of plasma. Presumably, since the volume of ionized fluid is less, power
requirements would also be lessened. Also, the boundary layer is easier to ionize than the
inviscid flow due to its lower density. The sensitivity of boundary layer transition to the
mean boundary layer state means that even small MHD control inputs may have a large
effect on the overall system. Glow-discharges have been used for many years to excite
boundary layer instabilities in supersonic®*° and hypersonic flows.** MHD boundary
layer control exploits the fact that fields from on-board magnets will be highest near the
vehicle surface. Also, control inputs can be limited to locations where they are most
effective to reduce weight.

This section discusses some aspects and recent advances in the application of plasmas to
high-speed boundary layer control. Two control methods, MHD control and Joule
heating, are examined in detail. A number of recent works have examined
electrohydrodynamic (EHD) flow control in low-speed boundary layers, but as of yet this
technique has not been applied to high-speed flows.

1.2. MHD Control

MHD boundary layer control relies on the forces exerted on a conductor (the plasma)
flowing through a magnetic field. In the flow shown in Figure 3, plasma flows over a
wall with a magnet embedded in it. Any number of magnetic field arrangements may be



conceived (see Ref. '? for example), but the scenario shown in Figure 3 illustrates the
basic concept. Assuming a scalar conductivity, a body force F, generated on the plasma
IS given by

F=c(E+uxB)xB,
where o is the fluid conductivity, u is its velocity, B is the magnetic field, and E is the
electric field imposed on the plasma by the external circuit. A primary figure of merit for

characterizing MHD flows is the interaction parameter, which is the ratio of Lorentz
force (ou x B) to inertial forces on a fluid element. The interaction parameter is

oB’L
ou

For the time-being, we will consider a load factor of unity. The Lorentz force will be a
retarding force, regardless of whether the magnetic field is oriented into or out of the
wall, and will decelerate the boundary layer.

K.

Q=

Rossow™ analyzed the flow of a laminar conducting boundary layer over a flat plate with
a magnetic field normal to the plate surface. He considered both the case above, where
the magnetic field is fixed relative to the plate, and the case in which the field is fixed to
the moving fluid, as would be encountered by a vehicle flying through the earth’s
magnetic field. Although Rossow’s analysis and assumptions are open to some
question,** the qualitative trends derived from his work are similar to those observed by
other investigators. His results show that as the interaction parameter increases, the
boundary layer was increasingly decelerated. Skin friction of course decreased, and
displacement thickness increased with increasing Q. As noted by Rossow, however, the
magnetic-field/fluid interaction that decelerates the fluid also creates a drag on the
magnet embedded in the plate, offsetting the decrease in skin friction. In the cases
considered by Rossow, the net effect was to increase the overall drag on the plate.

Bush™ derived a similarity solution for conducting laminar boundary layers in the
presence of an applied magnetic field. In the case examined by Bush, the magnetic field
was set proportional to x 2 to obtain a similarity solution. Bush also observed the trend
of decreasing skin friction with increasing interaction parameter. Similar effects were
predicted by Sastry'® and correlated with the Hartmann number. The Hartmann number
is proportional to the square root of the ratio of MHD to viscous forces per unit fluid

volume and is expressed as
Ha = KBL\/E,
MU

where u is the fluid viscosity. It can be shown that if the same length scale is used,'’ the
ratio of the Hartmann number squared is equal to the product of interaction parameter and
the Reynolds number.

Borghi et al.’® calculated the ionized viscous flow over a blunt leading-edge flat plate.

Magnetic fields were created by linear current-carrying conductors embedded within the
model, parallel to the leading edge and transverse to the flow. Two cases were
considered, one where a magnetic field was imposed at the leading edge, and the other



where the field was imposed at mid-span. In both cases, the applied magnetic field
created a local reduction in skin friction. For the case of the field applied at mid-span,
this was accompanied by an increase in surface static pressure. The magnetic field at the
stagnation point had little, if any, effect on surface pressure.

Poggie and Gaitonde®® computed laminar viscous MHD flows in the vicinity of the
stagnation region of an axisymmetric, spherically blunt body, and report a thorough
literature search on this subject. The magnetic field in their computations was a dipole
centered at the sphere and aligned with the body axis. They also showed a reduction in
stagnation-point skin friction and heat transfer. These results are in qualitative agreement
with the earlier theory of Bush.?

Although the density of hypersonic flows is usually relatively low, the combination of
high velocities and low conductivity leads to quite low interaction parameters. Compared
to liquid metals, for example, the conductivities of typical plasma and electrolyte flows
are relatively low. Ref. 14 cites the conductivity of copper at 6x10’ mho/m, mercury at
10® mho/m, and salt water at 25 mho/m. lonization is insignificant below about Mach 10
for typical trajectories.”* Non-equilibrium ionization such as electron beams, direct
current (DC), radio frequency (RF), or microwave discharges may be used to produce
plasma at lower Mach numbers. For non-equilibrium ionized air, conductivities are
typically on the order of one mho/m.?>?*** Measurements reported by Sears® suggest
that conductivities of 100 mho/m may be attained in thermal plasmas above about Mach
16. This can be augmented by seeding the air with an alkali metal. For a flat plate at
M=6 at 30 km altitude, assuming o =1 mho/m, L =1 meter, and B =1 tesla (conditions
achievable in the laboratory), the interaction parameter based on freestream conditions is
Q=0.03, indicating that the Lorentz force imposed on the fluid is quite small compared to
the fluid inertia.

However, the interaction parameter within the boundary layer should be larger than the
freestream MHD interaction parameter. The freestream or edge velocity is not a suitable
scale for assessing MHD boundary layer flows, since the boundary layer velocities are
lower than the edge velocity. Analysis of experiments by Henoch and Stace”® on MHD
control of turbulent salt-water, flat plate boundary layers showed that the friction velocity
u*, where

ur=_|—-

Pw

and z, and py, are the skin friction and density evaluated at the wall, was an appropriate
velocity scale for a modified interaction parameter, Q*... The friction velocity is a more
appropriate scale for boundary layer phenomena since it is much less than the edge
velocity. Macheret et al.,* have also suggested using u* as a velocity scale in the
interaction parameter for boundary layer flows. As noted by Macheret et al.,* by
expressing the skin friction in terms of the skin friction coefficient, c,

1

T, =—pU’c
w 2p f



the interaction parameter based on the friction velocity, Q*, for a load factor of one, is
related to the interaction parameter based on freestream velocity by

o*=q [~

Cy

Since c, is typically 0(10®)?’, the interaction parameter based on friction velocity can be
40 times that based on freestream velocity.

All other conditions being equal, the interaction parameter for an applied electric field
based on u* rather than U is larger by a factor of (U/u*)?. For the current experiments,
this ratio is 280, and the largest value of Q* obtained is 2.5, based on a friction velocity
derived from a similarity solution for a laminar boundary layer.

For laminar flows, Q* is also simply related to the Hartmann number, which is
conventionally used to describe laminar MHD shear layers. For laminar, flat-plate
boundary layers, the skin friction is proportional to the inverse square root of the length

Reynolds number, ¢, = C, Re™?. The length scale for the Hartmann number is some

measure of the shear layer thickness, but for a laminar flat plate boundary layer the ratio
of velocity thickness to streamwise dimension is inversely proportional to the square root

of the Reynolds number, (5/L)=C, Re™?. With these substitutions, the interaction
parameter based on friction velocity Q* = (Ha/C, )°,/2/C, Re**.

The interaction parameter may also be boosted by imposing an electric field. The
necessity of boosting the interaction parameter in low-conductivity MHD flows has been
recognized and applied for some time to electrolyte MHD flows.?*? The load factor may
be larger than one, even in hypervelocity flows. Fields of 10* \//m are easily
achievable.?2%?° Also, by supplying an external power source, the sign of the imposed
electric field may be made opposite to the ux B field. If the imposed field is opposite in
sign and greater than u x B, the flow may be accelerated instead of decelerated. This
MHD acceleration of the boundary layer would be expected to produce a fuller, more
stable boundary layer profile and create a propulsive force on the vehicle from the
magnetic / electric field interaction (at the expense of increased skin friction).
Calculations by Jaffe* for an incompressible laminar boundary layer demonstrated this
trend. It should be noted that as the load factor or current increases, Joule heating also
increases.

MHD control of hypersonic boundary layer transition has been considered since at least
the 1950s.! There is no doubt that MHD effects may be used to influence mean
boundary layer profiles, which in turn moderate hydrodynamic stability for
traveling®-34% and stationary waves.** MHD forces can also operate on flow fluctuations
as well as the mean flow. For example, if the mean flow is co-planar with the magnetic
field and no electric field is imposed, ux B =0 and no Lorentz force is generated due to
the mean flow. However, boundary layer instabilities generate transverse velocity
fluctuations, which in turn generate fluctuating Lorentz forces that oppose them.
Stuart’s® calculations for incompressible planar Poiseuille flow of a conducting fluid
with a co-planar magnetic field showed that the neutral stability curve shrank with



increasing interaction parameter and was completely stabilized with a sufficiently large
interaction parameter. Lock’s* calculations for the same flow with a magnetic field
perpendicular to the main flow showed that since this field could operate on the mean
flow, it was more effective in stabilizing the flow than the co-planar field.

Limited calculations support the concept of stabilizing the boundary layer to traveling
disturbances using MHD forces. Rossow extended calculations of mean MHD boundary
layer profiles™ to calculate the neutral stability diagrams® for incompressible flat plate,
MHD flows with magnetic fields co-planar and transverse to the mean flow. These
results showed a fixed co-planar magnetic field or a transverse field moving with the flow
to be stabilizing. A transverse field fixed to the flat plate (generating a retarding force on
the mean flow) was destabilizing.

In general, for 2D flows above about Mach 5, the dominant boundary layer instability is
the second mode.*” The first work to consider MHD effects on second-mode instability
was by Cheng et al.*** This work featured DNS simulation of second-mode instabilities
in a flat plate, M= 4.5 boundary layer. A uniform conductivity of 100 mho/m was

imposed on the fluid. A number of dipole magnet configurations were considered. The
basic results can be illustrated by considering flow over a dipole pair. The first dipole
was placed 0.02 m from the leading edge of the plate, with dipole moment in the positive
y-direction. The second dipole was located 0.025 m downstream of the leading edge,
with dipole moment in the negative y-direction. Two cases were considered, one with a
field strength equal to approximately 2.5 T at the wall, the other with a field strength of
approximately 1.2 T at the wall. The interaction parameters, based on edge conditions,
were 1.0 and 0.26, respectively.

The flow of the conducting fluid through the magnetic field created an adverse pressure
gradient upstream and in the immediate vicinity of the dipole. The adverse pressure
gradient was sufficient to separate the boundary layer for the high-interaction-parameter
case. Downstream of the magnet, the flow relaxed through a favorable pressure gradient.
A second mode disturbance that was unstable in the non-MHD boundary layer was
introduced at the upstream boundary. The instantaneous wall pressure (Figure 4)
illustrates the instability of the disturbance, as pressure fluctuations increase with
increasing x. When the 1.2 T magnetic field was imposed on the same flow, wall
pressures showed that the second mode amplification was slightly increased in the initial
adverse pressure gradient. The second mode was stabilized through the rest of the
interaction, even in regions of adverse pressure gradient (Figure 5). Damping was even
higher for the 2.5 T field.

Since it is well known that inflected velocity profiles are generally more unstable than
profiles without velocity inflections, the strong damping of instabilities observed in the
MHD flows was unexpected. The authors ascribed this effect to the tight tuning of the
most unstable second-mode frequency to the boundary layer thickness. Since the
boundary layer was dramatically thickened through the interaction, the most unstable
frequency was tuned away from the forced disturbance to a lower frequency. This
behavior was reminiscent of effects seen in models with geometrically-imposed adverse
and favorable pressure gradients.*® Although MHD effects stabilized monochromatic
disturbances, it was not clear that transition could be delayed by such a configuration,



since the most unstable frequency would just be shifted to a lower value where other
environmental disturbances would amplify. Nevertheless, this work constitutes the first
result that second-mode growth may be moderated by MHD effects.

Palm et al.”* measured the effect of MHD forces on a helium channel flow at M=4, in an
experimental realization of the flow shown in Figure 3. In these experiments, a Nd-Fe-B
permanent magnet was mounted in the tunnel sidewall, and electrodes in adjacent walls
created an imposed electric field. The flow was pre-ionized upstream of the DC
electrodes using an RF discharge. Wall pressure fluctuations were monitored just
downstream of the magnet. Wall pressure fluctuations were reduced when a 50 mA
current was passed through the DC electrodes, with the bottom DC electrode negative
and the top ground. When the electrode polarity was reversed, no effect on pressure
fluctuations was observed. When the magnet polarity was reversed, the electrode polarity
resulting in pressure fluctuation reductions was also reversed, in this case with the top
electrode negative and the bottom ground. The experiment was repeated using
unmagnetized, dummy Nd-Fe-B blocks in the tunnel wall. In this case, no effect was
observed. These observations further bolstered the authors’ conclusions that the observed
effects were due to MHD forces on the fluid.

Although it was not clear whether the channel flow was laminar or turbulent, results
show that a sufficiently high interaction parameter can be obtained in the laboratory to
modify weakly ionized MHD boundary layers. A notable result of the above experiment
is that results were achieved at very low interaction parameter, based on edge velocity, Q
=1.5x10™. The interaction parameter based on estimated friction velocity was
approximately 0.15.

A surprising result from these experiments was that an electrode polarity that should have
exerted an accelerating force on the fluid had no effect, and a polarity that should have
generated a decelerating force reduced pressure fluctuations. Pressure measurements
were made downstream of the magnet, in the region of return magnetic field lines. Also,
the current paths in the interaction are unknown. Future work on this experiment will
focus on a larger, better characterized flow and improved diagnostics.*

A complicating factor of MHD boundary layer control is that Hall effects are likely to be
present in the low-density, high-magnetic-field scenarios typical of MHD plasma
boundary layer control applications.’? The Hall effect arises in low density flows when
the period of revolution of an electron about a magnetic field line becomes appreciable
compared to the time between electron-neutral collisions. The magnitude of this effect is
described by the ratio of these two times, or the Hall parameter, f = w7 ,where w is the

electron cyclotron frequency, and zis the period between electron-neutral collisions.*°
When the Hall parameter is large, electrons in effect become trapped within the magnetic
field. This is manifested in two ways. First, the effective resistance of the fluid
perpendicular to magnetic field lines increases. The effective conductivity of the plasma
perpendicular to the magnetic field lines is reduced by
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and the current responsible for the Faraday force, that perpendicular to the magnetic field
lines, is correspondingly reduced.

This reduction in the effective conductivity of the fluid perpendicular to magnetic field
lines is demonstrated graphically in Figure 6, from Ref. 23. In this case, a 50 mA DC
discharge between two electrodes on a flat plate was created. A magnetic field
perpendicular to the flat plate was imposed. The discharge was run in a constant-current
mode. As B increases, the voltage required to sustain the 50 mA discharge increases.
Based on the Equation above, the Hall parameter was estimated to be approximately one
at B=0.9T. Similar results were observed in Ref. 39, where the discharge was run in a
voltage-stabilized mode, and the current was allowed to vary with B. In this case, a Hall
parameter of three was inferred at the maximum field achievable in the experiment,
B=14T.

The second effect of a large Hall parameter is the generation of an additional current, the
Hall current with its own corresponding jxB force. The Hall force may be visualized by
considering that the drift velocity, vq, of the charge carriers becomes appreciable. This
gives rise to an additional force on the electrons, v, x B, creating the Hall current, ju

parallel to the velocity vector.”® The interaction of the Hall current and the magnetic field
produces the Hall Force, j,, x B, perpendicular to both the magnetic field and the

Faraday force. This creates an inherent three dimensionality in the MHD forces. For the
flow shown in Figure 3, the Hall force would tend to push the flow against one of the
sidewalls. The inevitability of Hall effects in low-density flows has been known for
some time, and numerous schemes have been developed for dealing with them.*2394

It is conceivable that the Hall forces could be exploited in conjunction with the Faraday
force to aid in controlling the boundary layer. For the scenario shown in Figure 3, a
boundary layer crossflow would be created that might be used to negate crossflow
instability on a swept wing, for example.

1.3. Control via Joule Heating

Boundary layers may be manipulated by the application of electrical fields alone, either
through Joule heating of the fluid or EHD forces on the plasma. An advantage of this
form of boundary layer control over MHD control is that no magnets are required. A
number of researchers have exploited EHD forces in subsonic boundary layers on flat
plates using glow discharges,** and corona discharges.**** Glow discharges have been
used to delay separation and enhance lift on airfoils*“>*®*” and to trip the boundary layer
on 3D airfoils.*® Wilkinson* has explored spanwise-oscillating discharges as a means of
reducing Reynolds stress and skin friction in turbulent boundary layers. As of the time of
this publication, EHD control has not been applied explicitly to hypersonic boundary
layers. Macheret et al.?* suggest that velocities induced by EHD effects could be
appreciable at low density, but also note that Joule heating effects may be hard to
separate from EHD effects.

Limited results on Joule heating control have been obtained in supersonic boundary
layers. Analysis of surface microwave discharges® indicates local heating, with
attendant increases in pressure and boundary layer displacement thickness, for these
flows. Leonov et al.>+2°3%%5 has considered pulsed DC discharges in subsonic,



transonic, and low supersonic flows. In these experiments, pulses of up to 10 kW and 60
ms duration are applied to electrodes in the wall. These discharges are created between
wall electrode pairs, usually separated transversely relative to the flow. For lower power
discharges, the boundary layers were observed to thicken, increasing wall pressure and
creating a wave structure above the boundary layer edge. Sufficiently high-power
discharges separated the boundary layer and even caused choking in duct flows.

1.4. Summary and Overview of Report

The boundary layer is shown to be more amenable to plasma flow control than inviscid
flow. The boundary layer is more easily ionized. MHD interaction parameters are higher
in the boundary layer than in the freestream. Also, relatively small changes in the
boundary layer may have global effects through viscous interaction and the fluid-
dynamic amplification of disturbances in the boundary layer.

There is no doubt that, in principle, boundary layer profiles can be modulated with MHD
effects if the interaction parameter is high enough. Obtaining high-enough conductivity
for a reasonable interaction parameter is a challenge. The Hall effect places an upper
limit on the maximum magnetic field that can be imposed effectively, and creates three-
dimensionality. The net payoff of boundary layer control for skin friction and heat
transfer remains to be demonstrated. Skin friction and heat transfer reduction from
decelerating the boundary layer comes at the cost of reaction drag on the magnet in the
vehicle and an unstable velocity profile. Conversely, an accelerated profile that is more
stable and produces a propulsive force on the vehicle will increase skin friction and heat
transfer. Payoffs in reduced heat transfer and engine operability may offset some of these
negatives.

Initial experiments and computations have indicated the potential for controlling
boundary layer transition through MHD. Even relatively simple experimental and
computational configurations have created surprising results. The boundary layers in
MHD flows will be subjected to numerous effects including EHD forces, Joule heating,
and three-dimensionality. Extensive and careful computational and experimental work is
required to fully understand the complex physics of these flows and to utilize the
potential for MHD control to its fullest. Although MHD boundary layer control is
certainly possible in principle, complete systems analyses will be required to evaluate its
overall practicality.

This report summarizes work carried out in the AFRL/VA Mach 5 Plasma Channel in
support of plasma flow control, with special attention to boundary layer control. The
Plasma Channel was completed in 2002. Initial work in the channel focused on
characterization of the device and diagnostic development. When plasma generation was
routine, the next phase of work focused on characterizing plasmas in the flow. After this,
attention turned to surface discharges, with and without magnetic fields. Each of these
phases is summarized in a separate section of this report.
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Figure 4 Instantaneous second-mode wall pressure fluctuations in a flat-plate, non-MHD,
M=4.5 boundary layer (Ref. 32).
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2. Plasma Channel Development and Diagnostics

2.1. Introduction

Plasma aerodynamics is a phenomenologically rich field, offering numerous challenges
to computation. Among these are the prediction of gas chemistry, transport properties,
electrode boundary conditions, and three-dimensionality introduced either through non-
uniformities in the plasmas or through Hall effects. In addition, the usual complications
of supersonic and hypersonic flight are present. Although great strides have been made
in the computation of plasma aerodynamics, numerical simulations will of necessity be
subject to physically simplified scenarios. For this reason, experimental research is
crucial to the understanding and application of plasma aerodynamics.

Two mechanisms for creating plasmas in hypervelocity flight are aerodynamic heating
and applied electromagnetic fields. In hypervelocity flight, thermal plasmas are created
either via compression through shock waves or through constant pressure deceleration in
boundary layers. Significant heating is required to generate thermal plasmas, so that they
are generally not encountered below about Mach 10 in typical reentry trajectories.?
Because of the high temperatures required to generate thermal plasmas, they typically
have been simulated in impulse facilities or arc-jets. These facilities present numerous
operational challenges, and are relevant only to reentry-velocity flight scenarios. The use
of non-equilibrium plasmas offers the ability to create low translational temperature
plasmas and to operate at lower Mach numbers.

Initial experimental work on plasma aerodynamic flows in AFRL/VAA began in the
Mach 6 High Reynolds Facility.”® Research in this facility presented a number of
operational difficulties. To facilitate plasma generation, the tunnel was exhausted to
vacuum in order to run at the lowest possible stagnation pressure (206 kPa).>" Static
pressures above about 2 torr created constrictions in DC discharges. Electromagnetic
noise from RF plasma discharges interfered with the tunnel stagnation-valve controller,
rendering RF plasmas unusable. Also, great care had to be taken to isolate DC electrodes
from any unintended ground paths inside the all-metal wind tunnel. A tunnel stagnation
temperature of 610 K was required to avoid air liquefaction, which also increased
operational problems. These problems provided an impetus to construct a new device
designed specifically for magnetoaerodynamic experiments. Prior publications®*°%°%°
describe initial shakedown and diagnostic development of the new device, the Mach 5
Plasma Channel. This section describes the design philosophy, construction, and initial
results from the channel.

2.2. Design Requirements

Experience in the Mach 6 High Reynolds Facility led to some basic requirements for the
new Plasma Channel. These included low-density operation, dielectric construction to
avoid unintentional ground paths, and overall simplicity of operation. The requirement
for simple operation created an upper bound on the Mach number to obviate the need for
a heater. The design Mach was thus fixed at five.

Although some Mach 5 wind tunnels require heating, these are higher pressure tunnels
than the Mach 5 Plasma Channel. The onset of air liquefaction is a function of pressure.
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Lower pressure delays the onset of liquefaction to lower temperatures. Since the Mach 5
Plasma Channel operates at subatmospheric stagnation pressure, static pressures are low
enough to avoid liquefaction,®* and no heater is required.

To breakdown and sustain the plasma, electrons must be accelerated between collisions
to velocities high enough to frequently ionize the collision partner. This immediately
implies that low pressures are beneficial in generating a discharge. The minimum in the
Paschen curve for air occurs at a value of pd <1 torr-cm.®* At high pressure, a DC

discharge tends to constrict. In practice, in experiments in the Mach 6 wind tunnel, DC
discharges began to constrict at pressures above about 2 torr (at the conditions of the
Mach 6 tunnel, equivalent to a number density of about 2.4x10"" cm™).® With the ratio
of stagnation to static density in isentropic flow given by*

1 -7 I(r-1)
£:(1+7—M 2) ,
Po 2

a static number density of less than 2.4x10"" cm™ at Mach 5 implies that the channel must
operate at stagnation pressures less than atmospheric. This also requires that the test
section exhaust to vacuum.

The requirement for subatmospheric pressures throughout the channel simplifies material
requirements and design. To avoid unintended ground paths, as much of the channel as
possible must be constructed of a dielectric. Since the channel would be subjected to no
more than one atmosphere of pressure, it could be constructed entirely of acrylic plastic.
This construction has the added benefit of providing excellent visual access to the
channel.

An overriding concern in magnetoaerodynamic flows, especially in those with non-
equilibrium plasmas, is the magnitude of the conductivity. A primary figure of merit for
characterizing MHD flows is the interaction parameter, which is the ratio of Lorentz
force to inertial forces on a fluid element. The conductivities of typical plasma and
electrolyte flows are relatively low. For nonequilibrium ionized air, conductivities are
typically on the order of one mho/m.?2%?* At a stagnation pressure of 1.0 atmosphere, a
magnetic field of one tesla, and a conductivity of 1 mho/m, the interaction parameter per
unit length at Mach 5 is approximately 0.6 m™. With other parameters fixed, B and L
must be maximized. This typically leads to MHD channels with elongated magnets to
maximize L, and with walls in close proximity to maximize B.* The challenge in
designing the plasma channel is to place the sidewalls in close proximity, but still provide
adequate space for an inviscid core.

2.3. Construction of the Channel

The device as constructed is a blow-down, semi-free-jet facility. A rectangular cross-
section, conical nozzle with a throat area of 73.7 by 5.08 mm expands to a nozzle exit
plane of 73.7 by 177.8 mm. The test section has dimensions of 386.08 by 177.8 by 73.66
mm (length by height by width). Plenums on the top and bottom of the test section
provide additional relief. The nozzle boundary layer separates from the nozzle lip at the
beginning of the test section, forming a free shear layer, and reattaches at the beginning
of the diffuser. The separating shear layer generates weak waves in the test section, but
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the plenums greatly simplify the introduction of instrumentation and models into the test
section. The entire length of the channel is 1555 mm and it is constructed of Plexiglas.™
Two 235 mm diameter quartz windows were mounted on the side walls of the test
section. The windows expose the entire test section, including the nozzle exit plane. A
sketch of the plasma channel is presented in Figure 7. Dry air is supplied from the
existing high-pressure supply through a three-stage pressure-reduction system. The high-
pressure supply capability is not required, but is merely a convenient source of dry air. A
manual pressure regulator is used to set the channel stagnation pressure. The tunnel
exhausts to a 2800 m* vacuum sphere. Stagnation temperatures range from 270 K to 280
K depending on ambient conditions and throttling through the pressure reduction system.

The original design goal for the facility was to run at stagnation pressures from 0.1 to 1.0
atmosphere. In practice, the minimum back pressure that can be maintained downstream
of the diffuser is approximately 6 torr. At this back pressure, the minimum stagnation
pressure to sustain supersonic flow in the channel is 0.4 atm. The freestream Mach
number of approximately 5.3 is slightly higher than design. The simulated altitude range
(based on static density) of the facility extends from approximately 30,000 to 38,000
meters. At the lowest attainable stagnation pressure of 300 torr, stagnation temperature
of 280 K, and a freestream Mach of 5.3, the freestream in the test section has a velocity,
density, and temperature of 691 m/s, 0.0044 kg/m?, and 42 K, respectively. Under these
conditions the mass-flow rate is less than 0.04 kg/s and the unit Reynolds number in the
test section is 1.2 x 10° per meter. The freestream neutral particle number density under
these conditions is 10'" cm™. Although designed as a blow-down system, continuous
operation can be easily sustained through continuous operation of the vacuum pump
system. A photograph of the plasma channel is shown in Figure 8.

2.4. Subsystems and Aerodynamic Instrumentation

Plasma sources and magnets had to be acquired to complete the channel. In addition,
conventional aerodynamic instrumentation as well as specialized plasma instrumentation
had to be developed or acquired. This section describes plasma sources, magnets and
conventional aerodynamic instrumentation. Microwave absorption and optical emission
spectroscopy plasma diagnostics developed specifically for the plasma channel are
described in subsequent sections. Langmuir probe development began during initial
Mach 6 testing and was further refined during the plasma channel development. Some
limited Langmuir probe data are presented along with the emission spectroscopy results.

A number of options are available for plasma generation. These include DC discharges,
capacitively coupled RF discharges, inductively coupled RF discharges, microwave, and
electron-beams, among others. Power sources for DC and RF discharges were available
from the previous Mach 6 experiments. These had proved satisfactory in generating
diffuse discharges in the Mach 6 experiments. DC discharges have the added advantage
of having been well studied and accessible to analysis. In the current work all DC
discharges were created with a Universal VVoltronics reversible polarity switching power
unit. Itis rated at 8 kW with 10 kV and 800 mA output. Since the emphasis in the
current work migrated from large-volume discharges to smaller, surface discharges, the
work in this report was performed with DC discharges. RF discharges were successfully
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created in the plasma channel, but were not used for any quantitative experiments since
they proved very diffuse and their energy input could not be localized.

The initial concept for the magnet system consisted of a pair of air-core solenoids on
opposite sides of the channel. A small solenoid with a pulsed power supply was wound
for the Mach 6 experiments, and this system was capable of generating a field of up to 2
tesla.”” The pulsed air-core solenoid concept for the Mach 5 channel was abandoned
because of the difficulty in achieving a tuned circuit, due to the large impedance and
inductance of the coils. The pulsed system presented other disadvantages due to the
complexity of the power source and the short duration of the magnet field, which
complicated diagnostics. A superconductor magnet was briefly considered. The
superconductor offered the potential of high magnetic fields, but this concept was also
abandoned due to the cost and complexity of the system. The final choice of magnet was
a commercially available, large laboratory electromagnet.

The GMW 3474 electromagnet is a continuous-operation, water-cooled model. The
coils, when connected in series, have a maximum power rating of 10.6 kW (140 amp, 76
Volts). Pole-spacing is adjustable from 0 to 160 mm, and pole-cap diameters range from
25 to 250 mm. Field strength is a function of pole gap and pole cap diameter. For a fixed
pole cap diameter, field strength diminishes as the pole gap increases. For sufficiently
small pole gaps, smaller pole cap diameters create a higher field. As the pole gap
approaches the pole cap diameter, field uniformity is adversely affected. With a pole gap
of 10 mm and a pole diameter of 25 mm, the field strength is as high as 3.5 tesla. In
practice, the magnet for the plasma channel is always operated at the maximum pole
spacing and pole-cap diameter to clear the channel sidewalls. Under these conditions, the
transverse magnetic field has a magnitude of one tesla and is nearly uniform. The magnet
is rail mounted so that it may be moved downstream to access the test section.

The capability for continuous operation of the electromagnet is a distinct advantage,
especially given the ability for continuous tunnel operation. One drawback of the magnet
is that it impedes visual access to the channel. This problem was alleviated by acquiring
pole faces with 2 inch diameter through holes for visualization. The spacing of these
poles could not be adjusted, but since the magnet was always operated with the poles at
maximum spacing, this was not a detriment. Field uniformity was not affected within the
resolution of the Teslameter (GMW DTM-133-DG) used to measure it.

A 3D traverse mechanism was developed for surveys. The placement of the traverse is
controllable within a distance of 0.25 mm. All Pitot data were collected with a single
pressure transducer. The Baratron MKS model 722-A-23320 absolute pressure gauge has
a calibrated accuracy of +/- 1 0.1 percent of the 100 torr full range. Surface static
pressure measurements were made with MKS Baratron pressure transducers with a 0 to 2
torr range. The manufacturer’s stated accuracy of these transducers is +/-0.5 percent of
the reading.

Schlieren flow visualization is an important baseline method for flow visualization. The
application of schlieren imaging to low-density plasma flows presents special challenges,
however. High sensitivity is required to image gradients in low-density flow. The
plasma glow must also be rejected or otherwise dealt with. In addition, time-resolution is
required to freeze unsteady phenomena. A high-sensitivity schlieren system was
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developed especially for the plasma channel. The basis of the system was two 2540 mm
focal length, gold-coated parabolic mirrors. Three pulsed light sources--LED, Xenon
Corp. Nanopulser, and laser breakdown--were tested on identical flowfields. The results
showed that a simple LED can provide excellent illumination, with pulse durations
ranging from microseconds to continuous. The Nanopulser provides excellent, short-
duration images, although illumination varies from shot-to-shot. Laser-breakdown
provides short-duration, incoherent illumination that is constant from pulse-to-pulse.
Details of the schlieren system and light sources are presented in a prior publication.®®

2.5. Tunnel Calibration

The primary concerns regarding flow quality in the channel were the uniformity of the
flow arising from the conical nozzle, and the thickness of the sidewall boundary layers.
Extensive Pitot surveys were conducted to assess flow uniformity and the extent of the
inviscid core.

A first measure of flow uniformity is the Pitot pressure measured along the tunnel
centerline, as shown in Figure 9. The Pitot pressures show some gradients for 2 cm
downstream of the nozzle exit, then are uniform to within 4 percent for the next 8 cm.
Assuming isentropic expansion from the stagnation chamber, this Pitot pressure variation
corresponds to a Mach number variation of 5.35 to 5.30, or less than 1 percent. At 10 cm
downstream of the nozzle exit, the wave structure from the nozzle lip crosses the
centerline, causing the Pitot pressure to increase downstream of this location.

Pitot surveys in the vertical direction on the tunnel centerline at three axial stations are
shown in Figure 10. The weak compression wave from the nozzle lip is evident even at
the first survey station at z = +/- 6 cm, indicating that the nozzle boundary layer separates
slightly upstream of the nozzle lip. The wave propagates deeper into the channel core
flow at succeeding x-stations, eroding the area of uniform flow. Beneath the wave from
the nozzle lip, the shear layer from the nozzle wall is evident. This shear layer is only
about 1 cm thick at the two most upstream measuring stations. At the two most upstream
measuring stations, the Pitot pressures are uniform to within 2.5 percent for
-5<z<5cm.

Spanwise Pitot surveys were conducted at three axial stations (x=0.0, 5.1, and 10.2 cm),
at three vertical locations (z=-2.8, 0.0, 2.8 cm), for a total of nine surveys. These surveys
are shown in Figures 11 to -13. At each axial station the surveys are very similar at each
vertical location, but nonuniform in the spanwise dimension. The sidewall boundary
layer is evident and thickens as x increases. The Pitot pressures show an unexpected rise
from the centerline to the edge of the shear layer, before they drop off in the shear layer.
The source of this rise is presumed to be a compression wave system from the tunnel
sidewalls. The source of these waves is unknown, but may be due to nonuniform
boundary layer growth on the sidewalls, which is a common occurrence in rectangular
cross-section wind tunnels.

In summary, the channel flow is remarkably free from gradients in the streamwise and
vertical directions, but suffers from some degree of non-uniformity in the spanwise
direction.
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Figure 7 Schematic of the plasma channel. All dimensions centimeters. Flow is from
left-to-right

Figure 8 Photograph of the Mach 5 Plasma Channel.
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Figure 9 Ratio of Pitot to stagnation pressure along channel centerline.
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Figure 11 Pitot survey in spanwise direction at three vertical locations, x=0.
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Figure 12 Pitot survey in spanwise direction at three vertical locations, x=5.1 cm.
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3. Microwave Instrumentation

3.1. Introduction

Microwave absorption is one of the main methods used to determine electron number
densities in weakly ionized plasmas generated in a hypersonic or supersonic flow. An
advantage of this type of measurement technique is that it is nonintrusive. All the
equipment required to make this measurement can be placed outside the flow field. Only
microwave energy passes through the flow.

One method of determining the electron number density of a plasma with microwave
diagnostics is to determine the amount of microwave energy absorbed by the plasma,
relative to the amount of microwave energy incident on the plasma®®®’. This can be done
by making a measurement of the microwave beam passing from the transmitting horn to
the receiving horn with no plasma in the intervening space. This amount of energy will
be called Pinc. Another measurement is then made with the microwave system in the same
configuration, with the same settings, and the plasma discharge operating. This energy
measurement will be called Pians. The amount of microwave energy absorbed is then
found from

Pabs = Pinc — Prrans - (1)

Another technique for making electron number density measurements with a microwave
system is to determine the phase shift of the microwave beam when it passes through the
plasma. A third technique used to garner information about the plasma using microwaves
is scattering measurements.®” This report deals only with the absorption technique of
determining the electron number density with a microwave system.

A problem that has been encountered while making microwave absorption measurements
on certain types of plasma discharges is that Pyans is larger than Piy.. This means that the
plasma is somehow modifying the microwave beam so that more energy is collected by
the receiving horn than the case when the plasma is turned off. This problem will be
called negative absorption. This problem is not unique to the measurement that the
authors have made; Ref. 66 also discusses this problem. Ref. 66 states that the
microwave signal may increase when the plasma is much thinner than the wavelength of
the microwave energy or the plasma overall volume is much smaller than the microwave
beam. The problems encountered when making these types of microwave measurements
are discussed in Section 3.3. Prior to Section 3.3 the equipment and data reduction
procedures are presented. Finally, number density results are given.

The output from both the reflected and transmitted power detector is a voltage. This
voltage is read with a Lecroy 9384CTML digital oscilloscope. A simple voltmeter could
be used, but the oscilloscope permits a time averaged reading. This is important because
there is some drift in the microwave system itself and the plasma discharges through
which microwave measurements are being made fluctuate to some extent. Most of the
measured data shown in this paper were averaged over a time period of 3 to 6 seconds.

A 4.6 m long, semi-rigid cable delivered microwave power from the microwave
generator to the transmitting horn. The same type and length of cable connected the
receiving horn to the transmitted power detector. The system used two different sets of
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horns. One set of horns covered the X-band, 8.2 to 12.4 GHz, and the other set covered
the Ku band, 12.4 to 18 GHz. Since the microwave system being used is only capable of
operation from 10 GHz, the coverage of the 8.2 to 10 GHz range by the X-band horns
was not important. The X-band horns have a 7.4 by 8.9 cm rectangular opening, and the
Ku-band horns have a 15.0 by 15.2 cm opening. Beam shape measurements showed that
the Ku-band horns collimate the microwave beam better than the X-band horns. Wave
guides connected the horns to the semi-rigid cables. Different wave guides were used for
the X-band and the Ku-band. Microwave measurements were made with the horns were
attached to the wave guides and with the wave guides only.

A picture of one of the Ku-band horns and one of the X-band is given in Figure 15. The
wooden block attached to each horn is used for holding the horns in a translator
mechanism that can be slid along an optical guide. The optical guide allowed accurate
positioning of the horns along a single axis. This aspect of the optical guide was
important in the data acquisition process. Figure 15 shows the X-band horns positioned
to make a measurement through a plasma discharge in the Mach 5 channel.

A number of electrodes and discharge configurations were tested. A detailed explanation
and pictures of many of these discharges can be found in Menart et al.>® For the first
measurements made, the discharge was located in the boundary layers of the wind tunnel.
This discharge was generated between two round, flat stainless steel disk electrodes
located just outside of the flow region on the bottom and top of the wind tunnel. Most of
the measured results presented in this paper were made on plasma discharges that looked
like those shown in Figure 17 and Figure 18. The electrodes were either two 0.32 cm
diameter steel rods placed into the core of the flow separated by 5.1 cm or two similar
rods with 0.6 to 1 cm wide by 4.3 cm long flat plates (shoes) attached to the rod ends and
directed in the up or downstream direction. These will be called the shoe electrodes, and
they also had an electrode gap of 5.1 cm. The reason a number of different electrode
configurations were used for the data presented in the Section 3.3 is that these data were
obtained while efforts were being made to enlarge the plasma and reduce the strength of
the shock coming off the electrodes. The flow-on electron number density data shown in
3.4 were all taken with upstream pointing, shoe electrodes. These discharges are shown
Figure 17 and Figure 18 with the flow on. The Figure 17 discharge is at a low discharge
current, and the Figure 18 discharge is at a high discharge current. The no flow discharge
results were all taken on a glow discharge that only had luminous portions close to the
electrodes.

3.2. Data Reduction Procedure

The data reduction procedure utilized to convert the microwave measurements to electron
number densities is developed from the Equation of motion of a single electron moving in
a continuous, uniform plasma subject to an applied sinusoidal, electric field:®®

m—r:—eE—vm—:. (2
There are a number of assumptions involved in this Equation in addition to the conditions

stated above. It is assumed that electrons interact with each other only through collective
space charge forces, ion and neutral particles are a background medium that only
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interacts with the electrons through what can be considered a viscous damping term, the
thermal motion of the electrons is much less than the speed of light but large relative to
the velocities imparted by the electric field, the collision frequency is independent of the
electron speed, and the effects of the magnetic field are ignored. The solution of Eqn. (2)
is

i (0+iv) 3)

r=- .
Mo (o2 +2

The complex conductivity of the plasma at a given frequency is

ne dr ,
dat  ne‘ (v-io)
o=~ = . 4
E m (a)2+1/2) )

The complex dielectric constant for a linear medium can be written as

2 .
®
K=Ky —iKj -1-i-Z =1-P (0+iv) ) ®)
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where
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o, - [ ne L ®)
me,

is the natural plasma frequency. Since the complex refractive index
u=uc—ix  (7)
is obtained by taking the square root of the dielectric constant
p=x (8)

the attenuation index (imaginary part of the refractive index) can be written as
2 »
@p
(=)

x= r 2 I ©)

The imaginary refractive index is required to obtain the absorption of the microwave

beam by the plasma
Pabs _ exp(— %) . (10)

inc
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This is the same Equation used by Blevins et al.®®, Frederick et al.,”® and Funaki et al.”

Another data reduction Equation used for obtaining electron number density values from
the amount of microwave energy absorbed is®*2:
_mego Pas 1 (1
° 62 Y I:)inc d . ( )
This Equation is an approximation of Eqgns. (9) and (10) in the limit of small absorption
and where v>>aw.

Plots of Eqn. (11) and Eqn. (10) are given in Figure 19 and Figure 20 for a microwave
frequency of 10 GHz. This is the frequency at which most of the data in this paper were
taken. Figure 19 shows the full range of absorption values while Figure 20 only shows
those values less than 0.1. For the most part, weakly ionized plasmas produce absorption
values less than 0.1. Figure 19 shows that collisions cause the absorption curve to flatten
out from a vertical line. If it were not for collisions the microwave absorption technique
would only be capable of measuring a very narrow range of number densities. Results
from Eqn. (11) are only shown in Figure 20. From this figure it can be seen that Eqgn.
(10) gives better results at higher collisional frequencies, but at collisional frequencies
less than 10'° Hz Eqn. (11) starts to predict the wrong trends in the absorption as a
function of collision frequency. Note that in Figure 8 the 10® Hz collision frequency line
is plotted, but does not show up on the scale chosen.

One of the drawbacks of using Eqgn. (10) or Eqn. (11) to determine the electron number
density is that there are two unknowns, electron number density and collision frequency.
In order to use either of these Equations some estimate of the electron collision frequency
must be made. Reasonable estimates of this number can be made from published data”.
For this work a collision frequency of 1.7x10™ Hz is used for discharge currents below
100 mA and 4.2x10° Hz is used for discharge currents at or above 100 mA. At 100 mA
the discharge tends to convert from a glow discharge to a combination between a glow
and arc-like discharge.

Another quantity required to solve Eqgn. (10) or (11) is the depth of the plasma. In this
work the no flow discharges generally filled the width of the wind tunnel with plasma,
thus 7 cm was used for d. For the flow-on cases, the discharges were taken to be the
width of the electrodes.

3.3. Problems Encountered

The first microwave system measurements were made with on a discharge that occurred
in the tunnel boundary layer. Many of the microwave measurements made on this
boundary layer discharge resulted in what the authors will call negative absorption.
Negative absorption occurs when the microwave energy sensed by the receiving horn is
larger when the plasma is turned on as compared to when it is off. This renders the
microwave diagnostic tool useless for determining electron number densities. This did
not happen for all boundary layer plasma measurements, but it happened for many of
them.
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Microwave energy measurements with the plasma off and with the plasma on, utilizing a
boundary layer type plasma, are shown in Figure 21. There are three pairs of curves on
this graph. One set of curves was obtained using the X-band horns, another set was
obtained using the Ku-band horns, and the third set was obtained using the X-band wave
guides with no horns attached. The horizontal axis on this graph represents the distance
between the openings of the transmitting horn or wave guide and the receiving horn or
wave guide normalized by the microwave wavelength. The vertical axis is the power at
the receiving horn or wave guide. Figure 21 shows that the energy transmitted through
the plasma is almost equal to the plasma-off energy. This means there is no absorption or
very little absorption. In many cases the signal is greater with the plasma on than with the
plasma off. This means that the plasma actually increased the microwave energy
measured at the detector.

The other interesting observation from the Figure 21 data is that the received power is
periodic with the separation distance. The period is 0.5 wavelength of the microwave
signal. The largest percentage oscillation is seen with the Ku-band horns operating at 18
GHz. This oscillation is seen better in Figure 22 for three different frequencies with only
air between the transmitting and receiving horns. A separation of zero wavelengths
means that the horns are touching. Both the 15 and 18 GHz data use the Ku-band horns,
and the 10 GHz data use the X-band horns. The data taken with the Ku-band horns has
oscillations that approach zero every half wavelength. The X-band horns operating at 10
GHz have much less oscillation.

The data in Figure 22 also indicate that the Ku-band horns collimate the microwave beam
better than the X-band horns. This is indicated by the drop of the wavelength-averaged
signal with horn separation. It is very small with the Ku-band horns and very noticeable
with the X-band horns.

It is not completely understood why in some cases the detected microwave power
increases when the plasma is turned on. The oscillations in the data shown in Figure 21
and Figure 22 repeat themselves every half wavelength within the accuracy of the
measurements taken. Most of the microwave separation data in this paper was taken
every Imm. These oscillations occur whether a plasma is present or not; however, the
presence of the plasma may alter this interference phenomenon and produce a larger
signal with the plasma on®. Another possible cause for this increased signal with the
plasma on is that the plasma focuses the microwave beam in some manner. Diffraction
or refraction or some other scattering phenomenon may do this.

Plasma-off and plasma-on runs were made immediately after each other to avoid drift or
other spurious time-dependent phenomena. The plasma-off measurement took about 3 to
6 seconds and the plasma-on measurement took about 3 to 6 seconds. The measurement
time could have been shorter, but averaging the readings over a period of seconds is
desirable due to the random fluctuations present in the plasma discharge. Because the
plasma-on and plasma-off measurement were taken within a period of 12 seconds, with
no other changes made, differences in the two measurements should be due to the plasma
alone.

Operating under the assumption that the negative absorption was due to modification of
the interference effects by the plasma, efforts were made to reduce interference. One way
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to minimize interference was to utilize the X-band horns instead of the Ku-band horns.
Figure 21 and Figure 22 show that interference effects at 18 GHz bring the microwave
signal close to zero every half wavelength in horn spacing. At 10 GHz the inference
patterns are still seen, but they are a much smaller percentage of the total signal. Data
taken using the wave guides alone at 10 GHz do not show as severe an interference
pattern as the Ku-band horns, but the overall signal is much lower than the X-band horn
signal. For these reasons it was decided to use the X-band horns.

Figure 23 measurements were made on a core-flow plasma. The Ku-band horns were not
used because of the oscillatory behavior seen in Figure 21 and Figure 22. Like Figure 21,
it is difficult to see when the plasma-on measurement is larger than the plasma-off
measurement. Although at some points in Figure 11 the plasma-on measurement is larger
than the plasma-off measurement, these points are fewer than for the boundary layer
plasma. These results indicate that the shape of the plasma influences whether negative
absorption is seen. A possible explanation for this is that the core flow plasma produces
a larger volume of plasma. This could reduce diffraction effects and increase the overall
absorption of the microwave beam. A larger absorption would tend to hide any focusing
or interference effects of the plasma.

Another source of negative absorption is seen in Figure 23; that is a phase shift. A phase
shift misaligns the plasma-on measurements relative to the plasma-off measurements.
Data in Figure 23 indicate that the phase shift must be less than 0.034 wavelengths. This
corresponds to a 1 mm distance. The data in Figure 23 were taken in 1 mm intervals.
One way to reduce phase shift effects is to lessen interference.

In addition to using the X-band horns instead of the Ku-band horns, a method to
minimize the interference’ was to put absorbing material between the X-band horns. A
number of different absorbing pad locations were tried. These were a pad covering the
transmitting horn, a pad covering the receiving horn, a pad covering the receiving horn
and another pad covering the transmitting horn, two absorption pads covering the
transmitting horn, and no absorption pad. The absorbing pads were made of 0.95 cm
thick Eccosorb AN-73. The data obtained for various absorbing pad locations are shown
in Figure 24 for the plasma-off case. The minimum oscillation is obtained with the
absorbing pad over the transmitting horn. It is interesting to note that an absorbing pad
over the receiving horn does not have as large an effect compared to an absorbing pad on
the transmitting horn. It appears that two absorbing pads covering the transmitting horn
IS no improvement over one. The overall signal is reduced, but the percentage amplitude
fluctuations remain the same.

One additional problem with making microwave measurements on plasmas discharges
whose surface area is smaller than that of the microwave beam is obtaining the proper
value of the incident energy. The Pj,. value in both Eqns. (10) and (11) should only be
the microwave energy incident on the plasma, not the microwave energy going around
the plasma. An attempt was made to minimize this effect by placing a 0.95 cm thick
Eccosorb AN-73 absorbing pad with a 2.5 cm square hole in the center over the receiving
horn.

Figure 25 shows the behavior of an absorbing pad on the transmitting horn and an
absorbing pad with a 2.5 cm square hole on the receiving horn, compared to the case with
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no absorbing material and the case with one absorbing pad on the transmitting horn. The
hole configuration case has slightly larger oscillations than the absorbing pad on the
transmitting horn case.

The configuration of choice for making microwave measurements on small discharges
was the two X-band horns operating at 10 GHz with one absorbing pad completely
covering the opening of the transmitting horn and another absorbing pad with a 2.5 cm
square hole covering the receiving horn. Plasma-on and plasma-off data for this
configuration are shown in Figure 26. No negative absorption was observed; however,
the separation distance of the horns affects the absorption measurement. Since the
amount of absorption varies over one-half wavelength of separation distance, data are
taken at three or more horn separations around the peak of one of the oscillations. In the
measurements to be shown, electron number densities are calculated at each of these
separation distances and their average is presented.

3.4. Results

Electron number densities measured by the microwave system are shown in Figure 27 -
Figure 29. Figure 27 shows number densities measured in a no flow glow discharge.
Results were obtained using the preferred horn and absorbing pad configuration
described above. The correspondence between the 10 and 12 GHz data is good, except
for the 50 mA case. Figure 28 also shows good agreement between the 10 and 12 GHz
microwave signals for flow-on.

Electron number densities for the no flow case are a strong function of the current,
varying by over an order of magnitude for a four-fold increase in discharge current (see
Figure 27). For the flow-on case the electron number densities are a much weaker
function of discharge current for a current range from 100 to 600 mA. There is only one
current where the flow and no-flow data overlap, 100 mA. The no-flow number density
falls within the flow-on data spread.

Figure 29 shows the effect of electrode configuration. Thin and wide shoe electrodes
with uncovered tips produce similar results. When the tip of the wide shoe is uncovered
number densities decrease. Normally the tip of the cathode electrode was covered with a
dielectric paint to keep it from conducting current into the discharge. This helped keep
the discharge from constricting for currents around 100 mA. At higher currents the
discharge changed to a glow with arc-like regions whether the tip was covered or not.
The data in Figure 29 indicates a change in the discharge between the covered and
uncovered tip cases.

3.5. Summary
When making microwave absorption measurements in small plasma discharges
care must be taken, and even then accuracy will be limited. In certain situations negative
absorption can be seen. When this occurs the microwave measurements are useless for
determining the electron number density of the plasma. Even when this does not happen,
the problems encountered in this study may decrease the accuracy of the electron number
density.

A number of techniques were examined for minimizing the effects of negative
absorption. The first is that interference between the transmitting horn and the receiving
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horn should be minimized. One technique employed in this study to use the X-band
horns instead of the Ku-band horns and to operate in the X-band frequency range.
Further improvements were made by placing a 0.95 cm thick sheet of Eccosorb AN-73
absorbing material over the entire opening of the transmitting horn. Placing this
absorbing pad over the transmitting horn produced better results than placing it over the
receiving horn. Another sheet of Eccosorb AN-73 absorbing material with a 2.5 cm
square hole cut into it was placed over the opening of the receiving horn. To minimize
interference effects, it is also recommended that data be taken at several horn separations
around one of the interference maxima, an electron number density be calculated for each
one of these points, and then these values averaged to obtain the best estimate of the
microwave number density.

Data were taken using a microwave frequency of 10 GHz and a microwave frequency of
12 GHz. In general the 12 GHz measurements predict slightly lower electron number
densities that the 10 GHz measurements, but the difference is insignificant given the
number of uncertainties involved in these measurements. In general the electron number
density increases with current for the flow-on and the flow-off cases. The no flow
number densities for a 100 mA discharge current are essentially the same as those with
the flow on.
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Figure 14 Schematic of microwave diagnostic system.

Figure 15 Ku-band horn and wave guide (back) and X-band horn and wave guide (front).

30



Figure 17 Front view of a 100 mA DC discharge generated with upstream pointing,
shoed electrodes.

Air Flow
.

Figure 18 Front view of a 500 mA DC discharge generated with upstream pointing,
shoed electrodes.
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0.1
0.09 |
0.08 |
0.07 |
0.06

0.05 |
0.04 |
0.03 |
0.02 |

0.01 4

| 1

Pabs/Pinc

1.E+08 1.E+09 1.E+10 1.E+11 1.E+12 1.E+13
. 3
Number Density (#/cm”)

v (1/s)

Egn. (10)
1.E+08
- - - -1.E+09
—-——--1.E+10
1.E+11
1.E+12
— - =1.E+13
1.E+14

Egn. (11)
—a— 1.E+08
- - - 1.E+09
- -1.E+10
o—1.E+11
—_—f—1.E+12
— —=1.E+13
O 1.E+14
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collision frequency for a microwave beam at 10 GHz and a path length of 7 cm. The full range of
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Figure 21 Transmitted microwave power through a boundary layer plasma and with no
plasma as a function of the separation between the horns or wave guides.
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Figure 22 Interference pattern of a transmitted microwave beam as a function of
separation distance between the horns with no plasma.
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Figure 23 Transmitted 10 GHz microwave power as a function of the separation between

the X-band horns with the plasma off and the plasma on. The plasma discharge is a core
flow plasma.
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Figure 24 Interference pattern of a 10 GHz transmitted microwave beam as a function of

separation distance between the X-band horns with the plasma off for several absorbing
pad configurations.
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Figure 25 Interference pattern of a 10 GHz transmitted microwave beam as a function of
separation distance between the X-band horns with the plasma off for the hole
configuration. The no absorbing pad and the absorbing pad on the transmitting horn cases
are also shown for comparison.

0.0008

Plasma Off
__0.0006 | Plasma On
£
+0.0004 -
(<)
=
g
0.0002 L
co0OOt+rr —

5 10 15 20

Separation (# of wavelengths)

Figure 26 Transmitted 10 GHz microwave power as a function of the separation between
the X-band horn for the plasma-off and the plasma-on cases utilizing an absorbing pad on
the transmitting horn and an absorbing pad with a hole in it on the receiving horn. The
plasma discharge is a core flow plasma.
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no flow through wind tunnel. Plasma produced was a glow discharge at 7 torr.
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Figure 28 Electron number density versus discharge current for thin shoe electrodes with

Mach 5 flow and a stagnation pressure of 300 torr. Plasma produced was a core flow
plasma
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Figure 29 Electron number density vs. current for different electrodes, with Mach 5 flow
and a stagnation pressure of 300 torr. The microwave frequency was 10 GHz, and the
plasma produced was a core flow plasma.
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4. Freestream Plasma Characterization and Optical
Temperature Measurement

4.1. Introduction

It was known prior to this investigation that the discharges used for flow control would
be spatially nonuniform and in nonequilibrium. The discharge structure and
thermophysics need to be characterized in order to provide useful data for comparison to
computations and to elucidate the actuation physics. Langmuir probe measurements and
optical temperature measurements were undertaken to obtain spatial resolution of these
data. This section describes in detail the optical emission spectroscopy developed to this
end. The emission spectroscopy, Langmuir probe measurements, and Pitot pressure
surveys were then used to characterize a plasma created in the tunnel freestream.

4.2. Temperature Measurement — Method and Verification

A system for rotational and vibrational temperature measurement using emission
spectroscopy was acquired from Research Support Instruments, Inc. The system
hardware consists of a fiber-optic probe connected to an Ocean Optics PC 2000
spectrometer. A collimating head may be attached to the fiber-optic probe to improve
spatial resolution. Software is provided to drive the spectrometer and analyze the spectra.
Vibrational temperatures are determined using the well-known Boltzman-plot method.”
The system measures the spectrum of the second positive group of nitrogen,

N,(C°I1,) - NZ(B3Hg) . The intensity of a vibrational transition is given by
l,, =DN,v; S (12)

Vv V,,V' vr'vn .

The assumption of a Boltzman distribution relates the upper level population and
temperature:

N
N, = ——exp[-G(v')hc/KkT]. (13)
Q,(T)
Substitution of Equation (13) into Equation (12) provides a straight-line relationship
between the normalized intensity of the vibrational transition and the vibrational

temperature:
I o !
In| —+— :—(hCG—(V)j1+const.(14)
Vo oS k T

VOV
The intensities of vibrational transitions, as normalized in Equation (14) are plotted as a
function of the normalized transition energy. A straight line is curve-fitted through these
points, and rotational and vibrational temperatures are extracted from the slope of the
line. Transitions with intensities less than 5 percent of full-scale are rejected.

The spectrometer FWHM resolution was measured at 0.167 nm using a mercury lamp
and software provided by Ocean Optics. Rotational lines are not fully resolved by the
spectrometer, so rotational temperatures are estimated by comparing a simulated
spectrum to the measured spectrum. Twenty rotational lines are simulated at each of 15
vibrational transitions. The predicted spectrum is convolved with the slit function of the
spectrometer, and the mean square error between the predicted and measured spectrum is
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computed. This curve-fitting procedure is done in 10 K increments, effectively creating a
10 K resolution in the measured temperature. Integration times for the spectral
measurements described below ranged from 3 msec to 50 sec, depending on the signal
strength, but the limiting factor in the data acquisition rate is the time required for curve-
fitting rotational temperature measurements. Maximum data acquisition rates were
several Hz.

Spectral measurements using a nitrogen discharge tube (Edmund Scientific CR30609-11)
are compared in Figure 30 to measurements taken in a discharge between two rod
electrodes with flow-on in the Mach 5 channel. The lower temperature of the flow-on
plasma is qualitatively discernible from its spectra. Rotational bands in the flow-on case,
compared to the discharge tube spectra, are pushed to longer wavelengths, indicating a
relatively higher population in the lower rotational states and a de-population of the
higher rotational states. Also, the spectral peaks with flow-on are pushed to longer
wavelengths, probably due to the increased intensity from P-branch rotational transitions
at wavelengths near the band head. Analysis of the spectra confirm these qualitative
observations, indicating a rotational temperature of approximately 60 K for the flow-on
case, compared to approximately 490 K for the discharge tube. Vibrational temperatures
for the flow-on case are also lower, approximately 310 OK compared to 6700 K for the
discharge tube.

4.3. Langmuir Probe Measurements

The Langmuir probe system used in the current measurements was developed for use in
high-speed flows and has been described in detail in another reference.”® A double probe
configuration was used, consisting of two 0.2 mm diameter platinum wires 1.6 mm long
with axes parallel to the flow, separated vertically by 0.5 mm. Conductivity and number
density results presented here are the average of both wires. Probe data were analyzed
using a model that includes the collisionless to the collisional domains but does not
include the effects of high-speed fluid flow.”” Surveys were made in the vertical
direction at three axial stations near the downstream portion of the electrodes.

The electron temperature and ion number density measurements are subject to some
uncertainty. A number of factors influence the accuracy of Langmuir probe
measurements. Five of these factors are the fluid velocity, contamination of the probe
surfaces, temporal variations in the plasma, the lack of electrons sensed by the double
probe, and possibly a non-Maxwellian electron distribution.

The fluid velocity only affects flow-on results. When a Langmuir probe is placed into a
hypersonic flow, shock waves develop, and these shock waves distort the plasma in the
vicinity of the probe. This complicates data reduction.

The second factor affecting the results is probe surface contamination. This factor was
addressed by cleaning the probe with hydrochloric acid after a number of data sets were
taken. After cleaning with hydrochloric acid the probes were placed in a water-filled
ultrasonic cleaner. This proved to be an effective technique for cleaning the platinum
probes.

Unsteadiness in the plasma discharge may also have had some effect on the results.
Although attempts were made to minimize unsteadiness, day-to-day changes and
oscillations in the visual appearance of the plasma sometimes occurred. This means that
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one measurement may be in a slightly different discharge than previous measurements.
This could be the cause of the lack of smoothness in some of the Langmuir probe results.
In addition to relatively slow changes in the discharge, small, rapid oscillations were also
present. From the shape of the voltage-current characteristics measured by the Langmuir
probes it is deduced that the rapid fluctuations did not have a large effect.

The last two reasons listed above, sensing a small fraction of the electrons and a non-
Maxwellian electron energy distribution, can have a profound effect on the measured
electron temperature. Since the electron temperature is used to calculate the ion number
density these problems can also cause errors in these results. It is fortunate that the ion
number densities are a much stronger function of the measured saturation currents than
the electron temperature. It should be noted that if the electron temperature distribution
is not Maxwellian, an electron temperature can not be defined. However, some
representative temperature can be approximated for the energy distribution of electrons
sensed by the probes. From the shape of the voltage-current curves measured by the
Langmuir probes, it seems as if something like a Maxwellian distribution is present for
the high energy electrons sensed by the double probe.

4.4. Results

4.4.1. Langmuir Probe Measurements

DC discharges were generated between two flat plates, 45.7 mm in length in the
streamwise direction and 6mm wide in the spanwise direction. A photograph of the
electrodes and a discharge is shown in Figure 31. The electrodes were relieved
approximately 5 deg to create a low-density region on adjacent surfaces to help guide the
discharge between them. lon number densities are shown for a 50 mA discharge with
flow-off and flow-on in Figure 32 and Figure 33, respectively. Measurement conditions
for the no-flow case were 300 K and 7 torr. lon number densities generally increase from
anode to cathode. This is typical for a standard glow discharge.’> Number densities for
the flow-on case are larger than the flow-off case. For the no-flow case number densities
tend to decrease from the center of the electrodes back past their trailing edge. This same
trend does not appear for the flow-on case. This difference may be due in some part to
simplifications used in the data reduction as well as flow effects. A no-flow analysis was
used to reduce the flow-on raw measurements.

Electron temperatures for the no-flow case are shown in Figure 34. Electron
temperatures are generally uniform in the y-direction except close to the cathode.
Temperatures lie between about 4,000 K to 9,000 K, spiking up to 25,000 K near the
cathode. Electron temperatures at this y-location drop sharply downstream of the trailing
edge of the plate. For the flow-on case, Figure 35, electron temperatures are generally
higher than the flow off case and show a different trend as a function of y. Generally,
electron temperatures are distributed around approximately 10,000 K, but reach 29,000 K
just downstream of the trailing edge of the anode.

The electrical conductivity of the plasma is a strong function of the electron number
density and a somewhat weaker function of the electron temperature. In addition the gas
pressure also affects the results. Figures 36 and 37 show the flow-off and flow-on
electrical conductivity values as a function of y and x. Conductivity for the flow-on
plasma is larger than the no-flow case, but once again this may be due to the data
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reduction procedure used. Conductivities tend to be higher near the cathode reflecting
the higher ion number densities there.

4.4.2. Temperature and Pitot Measurements

Simultaneous with the optical temperature measurements, Pitot pressures were measured
between the two electrodes with current on and current off. The Pitot probe was placed
in the undisturbed freestream of the windtunnel, between shocks from the electrodes, as
shown in Figure 31.

A detailed survey of the rotational and vibrational temperatures in a DC discharge was
undertaken using the collimating head for the fiber-optic probe to improve spatial
resolution. Spatial resolution was estimated by projecting a light backwards through the
collimating head and measuring the spot diameter at the tunnel centerline. The probe
volume diameter at the tunnel centerline was less than 3 mm. Surveys were made in the
streamwise direction on the centerline between the two plates, and in the vertical
direction near the center of the two plates for two discharge currents, 100 and 400 mA.
Point measurements were also taken near the center of the discharge for a range of
currents.

Rotational temperatures as a function of current are shown in Figure 38. Rotational
temperatures are normalized by the freestream static translational temperature in the
absence of the discharge. At a Mach number of 5.2 and stagnation temperature of 270 K,
the expected static translational temperature in the absence of a discharge is 42 K. The
error bars represent the +/- 10 K increment in curvefits of the rotational spectra.
Measured rotational temperatures are approximately twice the static temperature.

Due to the very low density of the Mach 5 plasma channel, any assumption that rotational
and translational temperatures are in equilibrium must be examined critically. The
rotational relaxation number for nitrogen (the average number of collisions required for
the exchange of rotational and translational energy) has been measured to be less than
ten.”®"9% With the collision frequency estimated to be approximately 10’ per second, the
characteristic rotational relaxation time is O(10°) seconds. With a flow velocity of 670
m/s, the expected distance required for relaxation is less than one millimeter. On the
basis of these estimates, the discharge might be assumed to be in rotational/translational
equilibrium.

An increase in translational temperature by a factor of two in the discharge would
correspond to a decrease in Mach number by 1.4, if velocity remains constant. An
estimate of the maximum attainable temperature rise in the discharge is obtained by
assuming all power goes into heating the fluid. For a discharge voltage and current of
300 V and 400 mA, the power expended is 120 W. Constant-area and constant-pressure
heating cases were examined. Constant-area heating is analyzed using the control-
volume approach of Heiser and Pratt.®* Assuming constant y and Cp, the constant-area
heating exit velocity is 608 m/s, and the exit temperature is 182 K, giving a Mach number
of 2.25. For constant-pressure heating, the exit Mach is 4.42 and the exit temperature is
142 K.

Mach number changes this large would be evident in Pitot probe measurements. The
measured Pitot pressures in Figure 39 however, show no change when the discharge is
on. This indicates no significant heating of the gas at this location. The conclusion that
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no significant translational heating occurs in the bulk of the gas is bolstered by schlieren
visualization of shock waves about a spherical model shown in Figure 40. In Figure 40, a
portion of the schlieren image with no plasma (the darker vertical strip) is superimposed
on another schlieren taken with a 150 mA discharge. No discontinuities in the shock
location or slope are evident, thus indicating no significant heating. An indication of the
sensitivity of this method is obtained by observing that at Mach 5.2, an 8 percent change
in Mach number creates a one-degree change in Mach angle.

In summary, it must be concluded that the rotational temperature measurements do not
provide an unbiased representation of the plasma translational temperature. This is
presumed due to inaccuracy in curve-fitting the rotational spectra, or perhaps spatial non-
uniformity across the integration path of the measurement. Rotational non-equilibrium is
considered unlikely, but cannot be completely ruled out, given the uncertainty in
characteristic times for rotational relaxation. The rotational temperatures may be used,
however, to extract qualitative trends.

Additional spatial temperature distributions were obtained for discharges from the same
electrodes, but with the support rods on the upstream ends of the plates. Rotational and
vibrational temperature distributions in the streamwise direction for 100 and 400 mA
discharges are shown in Figures 41 and 42, respectively. The error bars in these and
subsequent figures denote +/- 1o deviations in the measurements as an indication of
unsteadiness in the discharge. Generally the 400 mA discharge has a larger rms than the
100 mA discharge, quantitatively confirming visual observations of increased
unsteadiness. Rotational temperatures for the 100 mA discharge are approximately 80K
over most of the streamwise survey. Downstream of the plate, rotational temperatures
begin to rise, either due to relaxation or heating from the electrode bow shock.
Vibrational temperatures generally decrease in the streamwise direction, perhaps
indicating a vibrational relaxation.

Rotational temperatures approximately twice freestream static translational temperatures
are measured in the most upstream portion of the discharge in the 100 mA case. If
energy were being dumped into the rotational mode that quickly, one would expect
rotational temperatures to continue rising in the downstream direction through the
discharge, but instead they remain relatively constant. The lack of a rotational
temperature gradient in the x-direction for the 100 mA discharge is another indicator that
little of the discharge energy goes into rotational or translational modes of the gas at these
x-locations.

Vibrational temperatures for the 400 mA discharge show a more complicated variation
than that observed in the 100 mA discharge. This is probably due to non-uniformity of
the discharge, as evidenced by a local bright spot in the 400 mA discharge at x / x, = 0.7.
This bright spot has characteristics more akin to an arc than a glow discharge.

Rotational and vibrational temperature distributions in the vertical direction at x / x, = 0.7
are shown in Figures 43 and 44, respectively. The upper and lower plate surfaces are at y
/'y =1.0 and -1.0, respectively. The upper limit of measurement was restricted toy / y, =
0.7, due to mechanical interference in the probe drive. Rotational temperatures in the 100
mA discharge are generally about 80 K and uniform throughout the discharge in the

vertical direction (Figure 43). Rotational temperatures for the 400 mA discharge are

slightly higher. The rotational temperature for both discharge currents begins to increase
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below y /'y, = -0.6, probably due to the combined effects of heating from the plate bow
shock, viscous heating, and local heating in the cathode layer. Vibrational temperatures
are approximately 5000 K over most of the 100 mA discharge in the vertical direction,
and 7000 K for the 400 mA discharge. Like the rotational temperatures, vibrational
temperatures also increase aty / y, < -0.6.

Vibrational temperatures for a range of discharge currents, measured aty /y, = 0.0 and x /
Xp = 0.7, are shown in Figure 45. Unsteadiness as measured by the rms is quite high for
discharges above 100 mA. Vibrational temperatures range from about 4000 K at 50 mA,
and increase up to about 200 mA. Above this current, they appear to saturate at about
5000 to 7000 K.

4.5. Summary

Flat plate electrodes were used to generate DC discharges in a Mach 5 crossflow. Lower-
current discharges were more steady than higher-current discharges. Langmuir probe
measurements showed ion number densities and fractional ionization to be higher in the
flow-on case compared to the no-flow case. Maximum ion number densities of
approximately 10™® m™ were observed near the cathode for the flow-on case. Electron
temperatures ranged from 3,000 K to 25,000 K for the no-flow case, and 3,000 K to
29,000 K for the flow-on discharge. This compares to vibrational temperatures for
nitrogen of 4,000 K to 7,000 K. Rotational temperature measurements in the bulk of the
discharge were approximately twice the undisturbed freestream static temperatures. Pitot
pressures and shock shapes in this region showed no evidence of elevated translational
temperatures, however. Rotational temperature measurements showed very little gradient
in rotational temperature through the discharge in the x-direction. Some local increase in
rotational temperatures was recorded near the electrodes. A weak decrease in vibrational
temperature in the downstream direction perhaps indicates vibrational relaxation.

It should be noted that the heating conclusions are based on measurements taken in the
inviscid flow between the electrodes. As will be shown in Section 5, significant heating
occurs in the boundary layer near the electrodes, particularly near the cathode. Later
surveys that extended into the cathode and anode boundary layers showed pronounced
Pitot pressure changes there due to the discharge.?? Beyond the shock emanating from
the electrodes, however, no appreciable heating was detected within the visible glow.
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Figure 30 Nitrogen second positive group spectra for static discharge tube and Mach 5
DC glow discharge.

Figure 31 Photograph of discharge with Pitot probe. Note shock structure between
electrodes.
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Figure 35 Electron temperatures measured in a 50 mA discharge, flow-on case.
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Figure 40 Schlieren image of shock produced by a sphere in the presence of a DC
discharge. Luminosity from the discharge is evident between the plate electrodes on the
left. The darker vertical strip in the middle is the superimposed schlieren image in the
absence of a discharge.
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Figure 41 Rotational temperatures for 100 and 400 mA DC discharge between plates,
streamwise distribution aty /y, = 0.0.
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Figure 42 Vibrational temperatures for 100 and 400 mA DC discharge between plates,
streamwise distribution aty /y, = 0.0.
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Figure 43 Rotational temperatures for 100 and 400 mA DC discharge between plates,
vertical distribution at x / x, = 0.7.
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5. Thermal Actuation Using Surface Discharges

5.1. Introduction

Menart et al.* observed that surface DC discharges caused a local increase in static
pressures on a flat plate at Mach 5. In this experiment, streamwise and transverse
discharges were generated on a flat plate. The maximum effect was derived from the
streamwise discharge, with cathode upstream, and observed just downstream of the
cathode. These results occurred even without the presence of a magnetic field, and were
ascribed to Joule heating of the fluid from the discharge. Magnetic fields imposed
normal to the plate surface modified the pressures. This effect was believed to be caused
by an interaction between the magnetic field and the plasma discharge, creating a change
in the discharge heating. There was no evidence indicating effects of a Lorentz force on
the bulk fluid flow, however, even though a magnetic field would distort the visible glow
from the discharge.

The motivation for the work described in this section was to investigate the effects of
plasma discharges on hypersonic boundary layers, with and without magnetic fields, and
elucidate in more detail the effects observed in Ref. 29. Flowfield surveys were obtained
to aid in CFD validation.

5.2. Experiment

The flat plate was constructed of machinable ceramic with copper electrodes. A
schematic is shown in Figure 46. The discharge was run with the cathode either upstream
or downstream. In all cases the discharge was run in a constant-current mode. The
model contained three pressure taps on centerline, spaced 1.27 cm apart, as shown in
Figure 46.

It is recognized by the authors that the DC discharge may not be an optimum system for
demonstrating MHD effects. Higher conductivities and more diffuse plasma may be
achieved with an RF discharge. The objective of the current work was merely to
demonstrate the feasibility of surface discharges for boundary layer control and to
investigate their behavior with and without applied magnetic fields.

At a stagnation pressure of 370 torr the length Reynolds number for the plate based on
freestream conditions was 9.4 x 10*. The boundary layer would be expected to be
laminar at this Reynolds number. This was verified by placing a Pitot probe near the
plate surface and varying tunnel stagnation pressure. The near-surface Pitot pressure
(Figure 47) showed a smooth trend with stagnation pressure, indicating that boundary
layer transition did not occur over this pressure range. A survey of the boundary layer at
x = 5.65 cm (Figure 48) showed a laminar-like profile. The measured boundary layer
thickness was approximately twice that of a similarity solution for a sharp leading-edge
flat plate. The discrepancy between the measured boundary layer and a similarity profile
is not unexpected, given the viscous interaction and bluntness present in the experiment.
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5.3. Results

5.3.1. No Applied Magnetic Field

The effect of the DC discharge on surface pressures is shown in Figure 49. After an
initial 20-second period, the discharge was turned on for 40 seconds, then turned off. For
all 50 mA discharges with B=0, voltage varied from 1100 to 1200 V.

Voltages were generally steady for the first 20 seconds of a run, as shown in Figure 50,
with the exception of some ramp-up time after the current was initially turned on. All
measurements, including voltages, were sampled at 0.5-second intervals. After about 20
seconds of current-on time, some unsteadiness in the discharge was observed. The
largest increase in pressure, up to 10 percent of the undisturbed static pressure, occurs
just downstream of the cathode.

Electron number density obtained from Langmuir probe measurements is shown in
Figure 51. Electron number density as a function of x is shown at four heights above the
plate surface. Surveys were on the plate centerline. Electron number density is highest
near the plate surface, and decreases away from the plate. Peak number densities of
about 102 cm™ are obtained above the cathode. Low electron concentrations are
measurable 0.5 cm above the plate surface downstream of the cathode, but the number
density at this height drops off rapidly upstream and downstream from this location.

The mechanism for the increase in surface pressure is postulated to be the increase in
boundary layer displacement thickness due to heating from the discharge. The 10 percent
pressure increase shown in Figure 52 is equivalent to approximately a 0.8-degree flow
deflection through an oblique shock at Mach 5. The local flow deflection, &, due to the
growth of the boundary layer is equal to d&”/dx. The pressure increase due to this

deflection is related to the Mach number through the 7 parameter®® where

oM
z—ﬁﬁ, (15)

and C is the Chapman-Rubesin parameter, p, u, /p. 1. . For an adiabatic flat plate,
laminar boundary layer in the weak interaction regime,

pl =1+0.317 +0.057%.  (16)

It is obvious from Egns. (15) and (16) that the induced surface pressure from slope-
changes in boundary layer displacement thickness is a strong function of Mach number.
This and the results shown in Figure 49 indicate a potential for creating forces and
moments on hypersonic vehicles through surface plasma discharges. This observation
has also been made by Leonov et al.,> although these discharges were at a higher-power
and lower Mach number and in some cases separated the boundary layer.

It should be noted that energy input to the laminar boundary layer will certainly influence
its stability. Adverse pressure gradients will trip or otherwise destabilize the boundary
layer. Changes in the boundary layer profile, the enthalpy of the boundary layer fluid,
and heat transfer to the wall have all been demonstrated to affect stability and transition.®*
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These effects are interrelated and quite complex, and it is impossible to predict a priori
their net effect on boundary layer stability.

To estimate the temperature increase from the discharge, a total-temperature probe was
introduced into the flow. The thermocouple consisted of a junction inside a floating
sheath and electrically isolated from the sheath. Thermocouple measurements in
discharges are subject to numerous uncertainties. These include induced currents in the
thermocouple and exothermic vibrational relaxation and recombination on the probe.
Relaxation and recombination in this flow could not be assessed, but temperatures
showed no discontinuities when the discharge was extinguished, thus indicating that there
was no electrical interference. Also, no distortion of the discharge glow in the presence
of the thermocouple was observed. The measurements in this experiment possibly
suffered from conduction along the sheath of the probe. Also, the probe was not
calibrated for recovery factor. The total-temperature probe measurements are thus
largely qualitative. However, the results in Figure 52 clearly show increases in measured
total temperature within the discharge. Measured total temperatures peak near the
cathode and relax downstream and away from the plate surface. Since the probe is
uncalibrated, measured total temperatures in the undisturbed flow are less than the
stagnation temperature.

A Pitot pressure survey through the boundary layer and bow shock is shown in Figure 53.
It is clear from these data that the boundary layer is decelerated and slightly thickened
due to the discharge. Above the boundary layer edge, Pitot pressure is slightly increased
in the presence of the discharge due to the more efficient compression through the
obligue wave system. These effects on Pitot pressure and the above-observed effect on
surface pressure are similar to those observed by Leonov et al.> using surface DC
discharges and predicted by Shibkov et al.> for surface microwave discharges.

The coalescence of the compression wave system from the cathode is demonstrated by
streamwise Pitot surveys shown in Figure 54. The compression wave is manifested as an
increase in Pitot pressure when the discharge is on. As the height above the plate
increases, the compression front moves downstream. Downstream, the Pitot tube is
engulfed in the growing boundary layer, and Pitot pressure decreases when the discharge
is turned on, due to thickening of the boundary layer.

Figure 55 shows the effect of discharge power on surface pressures. These pressures are
an average of the last ten seconds of data with the discharge on. Although the effects are
rather complex, several trends are noted. In general, the surface pressure increase is
roughly linear with power. This is especially evident for the two downstream pressure
taps. The pressure tap nearest the cathode shows a more complex behavior. At this
location, the pressure increases linearly with power, with the exception of outlier points
near 60 and 140 W. The cluster of points near 60 W corresponds to 50 mA discharges. It
was observed that at this current level the discharge was generally diffuse. This is also
the case for the outlier point at 140 W (point A in Figure 55). At other currents, the
discharge had a tendency to constrict. This behavior is illustrated with images of the 140
W discharge in and the 170 W discharge (point B inFigure 55) in Figure 56 and Figure
57. The 140 W discharge is fairly diffuse and uniform, but the 170 W discharge shows a
non-uniform, constricted structure on the right of the plate.
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Presumably, the brighter portion of the 170 W discharge in Figure 57corresponds to a
higher conductivity region with a higher current density. Locally higher heating is
expected here, but the pressure increment from this heating has not propagated laterally
to the most upstream pressure tap. At the more downstream stations however, the
pressure rise from the local hot region has been communicated to the pressure taps. This
explains the more regular trend of pressure versus power at these stations.

5.3.2. Thermal Response of the Plate and Electrode
The observed effects in short-duration discharges were expected to arise primarily from
Joule heating of the plasma. During longer discharges the electrodes heat, and the
boundary layer fluid may be heated by convective heat transfer from the electrodes and
the region of the ceramic plate near the electrodes. The lagged response of the surface
pressures shown in Figure 49 and the temperature response of the cathode and plate raise
the question of how much of the pressure response is due to Joule heating of the fluid in
the discharge, and how much is due to convection from the hot cathode and plate to the
fluid.

An attempt was made to answer this question by examining the time response of the
interaction. In order to do this, the time-response of the instrumentation had to be
assessed. This was done by manually increasing the stagnation pressure by about 7
percent over one second. The Pitot pressure response was well-described by a first-order
system with a time constant of approximately 0.4 seconds. The surface pressure response
however was highly lagged and had not fully equilibrated even after 80 seconds.

The effect of heat transfer from the plate to the boundary layer is illustrated in Figure 58.
In this case, the discharge was turned on for periods of 40, 20, 10, and five seconds. It is
seen that for the 40-second discharge, the Pitot pressure drops about 6 percent
immediately after the discharge is turned off. After this, approximately 50 seconds is
required for it to decay to its undisturbed value. This slow decay indicates that heating of
the electrode has occurred during the discharge. As the plasma-on time decreases, the
recovery time decreases. For the five-second discharge, most of the Pitot-pressure decay
occurs immediately after the plasma is turned off. In this case, the electrode and plate
have had little time to heat during the discharge. Itis likely in this case that the bulk of
the observed effect is due to Joule heating of the plasma. The Pitot pressure recovers
quickly after the discharge is extinguished because the Joule heating ceases.

Figure 59 illustrates the Pitot probe response for discharges of approximately three and
five-seconds duration. The Pitot probe location was 0.5 cm above the plate surface at the
rear edge of the downstream electrode, on the model centerline. In this case, the cathode
was upstream. When the discharge is turned on, the Pitot pressure drops due to the
thickening of the boundary layer. When the discharge is extinguished after five seconds,
two timescales are evident. The Pitot pressure recovers to about 60 percent of its pre-
discharge value within about one second. This rapid change in pressure is due to the
removal of Joule heating in the plasma. After this initial rapid response, the pressure
recovers more slowly, as thermal energy accumulated in the electrode and ceramic plate
convects into the boundary layer. For a discharge of approximately three seconds
duration, the electrode and plate have had less time to heat, so 90 percent of the pre-
discharge Pitot pressure is recovered within about one second. For discharges of three
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seconds or less for this configuration, the bulk of the surface pressure effects are thus due
to Joule heating of the plasma.

Temperature-sensitive paint and a thermocouple were also used to estimate the time-
dependent temperature of the cathode and plate. A thermocouple embedded in the
cathode measured cathode temperature. A switch was used to disconnect the
thermocouple from the data acquisition hardware prior to turning on the discharge. When
the discharge was extinguished, the switch was closed to reconnect the thermocouple. A
sample thermocouple signal versus time is shown in Figure 60. This process was
repeated for a variety of discharge-on times to form an approximation to the temperature
versus time response of the cathode. The cathode temperature as a function of time is
shown in Figure 60. The cathode heats quickly, increasing 100 K within the first five
seconds. Temperature-sensitive paint was used to visualize propagation of the
temperature pulse through the ceramic plate. Prior to the discharge, the plate was at a
nearly uniform temperature. After a 40 second discharge the plate surface temperature
immediately upstream of the cathode increased as much as 50 K. Near the anode, the
plate surface temperature increase was less than 10 K.

5.3.3. Effect of Magnetic Field on Applied Voltage

In this portion of the investigation, current, voltage and surface pressures were recorded
at a 2 Hz sampling rate. Data were acquired continuously during each 20-second
discharge and for 20 seconds before and after. For cases with an applied magnetic field,
the magnet was turned on and stabilized at a predetermined field strength before data
were taken. Data were obtained at increasing field strengths until a stable discharge was
no longer obtainable.

Voltage as a function of applied magnetic field for currents of 0.05, 0.1, 0.2, and 0.3 A
are shown in Figure 61. Negative currents refer to cases in which the upstream electrode
is the cathode. The plotted voltages represent an average over the last fifteen seconds of
the discharge. For currents with magnitudes of 0.1 to 0.3 A, the voltage required to drive
the current generally increases with increasing magnetic field. Within the scatter of the
data, there is no dependence on the placement of the cathode. For 0.05 A current, the
behavior is more complex. These data exhibit a great deal of scatter and show a trend of
decreasing voltage with increasing magnetic field for -0.4 <B < 0.2 T. This is a region of
high scatter in the data. Also, at B=0, the voltage required to drive the current
downstream is about 1400 V, compared to about 1200 V for current upstream. At higher
magnetic fields, voltage increases with increasing magnetic field as it does at the other
current levels.

The source of this behavior is a switch in the structure of the discharge from a generally
diffuse to a more constricted discharge at higher currents and magnetic fields. In some
cases (for example, B=0.1 T and 0.05 A) the images and voltage records indicate an
unsteady switching between the two modes, so that the net result is an average of the two
modes.

An estimate of the bulk fluid conductivity at zero magnetic field may be obtained by
estimating the electric field and the current density. The electric field is assumed
proportional to the applied voltage over the electrode separation, V /Ax, and the current

density is assumed proportional to the total current divided by the electrode area, J/A.
A 0.05 A current at 1100 V implies a bulk conductivity of about 7 x 10 mho/m. This is
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contrasted with a 500 V applied voltage for a 0.2 A current, implying an effective
conductivity of 0.06 mho/m. It must be stressed that these values are effective or bulk
conductivities, for comparison purposes only. The electric field is non-uniform,
especially near the cathode. Conductivity is also nonuniform. Langmuir probe
measurements (Figure 51) show that the electron number density at a given height above
the plate can vary an order of magnitude between cathode and anode. A similar variation
is observed in the vertical direction between the cathode and the edge of the discharge.

The increased voltage required to drive a constant current in a magnetic field is consistent
with a Hall effect. Given the relatively low density of the flow, a pronounced Hall effect
IS not unexpected. The current transverse to the magnetic field lines is

I = O'(EX - BE, )/(l+ ,6’2).40 Assuming that the fluid conductivity is independent of the

applied electric field, data at 0.9 T for a 0.2 A current compared to the zero magnetic
field case indicate an effective Hall parameter of approximately 1.3. This value may be
compared to an expected Hall parameter based on collision frequency data from Raizer.®?
Raizer cites a collision frequency of 3.9 x 10° per second per standard torr. With the
freestream temperature a factor of six lower than ambient, this implies a collision
frequency of 2.3 x 10™ per second at freestream densities. With®® g =eB/(m,v), this

implies a Hall parameter at B=0.9 T of about 7, significantly higher than the value
inferred from experimental measurements. Again, it must be stressed that the
experimental value is a bulk parameter, and that the structure of the discharge varies
significantly with the magnetic field. Also, it is questionable whether the conductivity
remains constant with changes in applied electric field. Nevertheless, it is clear that the
electron mobility is restricted across the magnetic field lines.

5.3.4. Effect of Magnetic Field on Surface Pressures

Surface pressures were recorded for a variety of magnetic field strengths and currents,
and for all combinations of electrode and magnet polarity. For these cases the current
vector is largely in the plane of the flat plate and directed either upstream or downstream.
The magnetic field vector is also in the plane of the plate and transverse to the freestream
velocity. The Lorentz force vector in this case is oriented either into or out of the plate
surface, depending on the relative electric and magnetic field polarities. If the pressure
induced by the discharge is due to a modification of the boundary layer displacement
thickness, then a Lorentz force oriented into the plate should suppress the pressure rise
associated with Joule heating, and a Lorentz force directed away from the plate should
enhance the pressure rise, given sufficient coupling between the plasma and neutrals.

Two factors combine to complicate interpretation of the magnet-on pressure
measurements. First, in order to obtain high interaction parameters, high load factors,
E/UB, were tested. The maximum load factor attained was over 500. At such high load
factors, Joule heating is inescapable and can dominate the interaction. The dominance of
Joule heating and convection in and out of the plate surface make it difficult to separate
heating from MHD effects. Second, as noted in the above section, the structure of the
discharge changes with the application of a magnetic field, generally from a diffuse
discharge at B=0, to a more constricted discharge at higher values of B. Also, as noted
below, the tendency of the discharge to follow magnetic field lines causes some of the
visible discharge to appear around the sides of the model, rather than entirely on the top
of the plate. The structure of the discharge strongly affects pressures at the most
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upstream tap (Figure 55). At more downstream locations, the pressure is less sensitive to
the structure of the discharge, since the pressure signal from the discharge is able to
propagate laterally to these taps.

Images of the discharges for B=0 and B=0.9 T in the positive and negative directions
for 50 mA discharges are shown in Figure 62. It is apparent that the magnetic field does
indeed influence the shape of the discharge in the expected manner. A Lorentz force
vector oriented into the plate suppresses the thickness of the glow above the plate. In
fact, the discharge tends to spill over the plate surface and around the sides of the plate.
Conversely, a Lorentz force vector oriented upward tends to move the glow off the plate
surface. For this case (Figure 62, bottom), a dark region can be observed between the
bright portion of the glow and the plate surface.

The interaction parameter in the presence of an applied electric field is given as
| = (oB%L/ pU)(E/UB). The fluid conductivity and electric field are unknown and
spatially non-uniform. An estimate of the bulk conductivity may be obtained from the
current density, j=cE. The current density j is likewise non-uniform, but is estimated
based on the overall current and electrode area, j=J/A. The gas density, p, and velocity,
U, are assessed at edge conditions. For this experiment, using the above assumptions, the
interaction parameter is approximately JB/26. The maximum interaction parameter
attained in this experiment, based on the above assumptions, was 0.009.

The ratio of the Lorentz force to viscous forces on a fluid element is equal to the
square of the Hartmann number times the load factor. For the conditions of this

experiment, Ha® E/UB ~ 40JB. The maximum Hartmann number obtained in this

experiment is approximately nine, indicating that the maximum Lorentz force achieved is
significant compared to viscous forces in the boundary layer.

Surface pressures for each of the three pressure taps on the plate surface are plotted
against applied power (Figure 63). Overall, induced pressure increases with increasing
power input, but the scatter in the data is quite high. Except for tap 3 at powers below 90
W, the cathode-downstream discharges create a lesser pressure rise. This behavior of the
tap 3 pressure is probably correlated with a change from a diffuse to a constricted
discharge in this range.

Figure 64 shows the induced pressure for each tap as a function of total current times
magnetic field, which as shown above, may be related to some measure of bulk
interaction parameter. The sign of JB is retained to differentiate between the Lorentz
force into the plate (JB<0) and Lorentz force out of the plate (JB>0) cases. Cases with
B=0 are not plotted, since they were obtained at various powers and do not scale in this
coordinate system. Scatter is present, but is considerably reduced compared to scaling
with power. The Lorentz force direction has little effect on the most upstream tap
pressure. Tap two shows some effect of the Lorentz force vector direction. A Lorentz
force into the plate reduces the pressure rise, compared to a Lorentz force out of the plate.
This trend is further emphasized for tap 3. In some cases the pressure rise at tap 3 is
completely negated by the magnetic field.

This result is consistent with the expected behavior of a Lorentz force coupled into the
neutrals. However, given the significant changes in discharge structure with magnetic
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field, and the strong effect of Joule heating, it cannot be ruled out that the observed
magnetic field effects are due in part or whole to changes in Joule heating from the
magnetic field. Figure 62 shows that at least part of the discharge moves around the sides
of the plate for a sufficiently high field. Nevertheless, the effects observed in Figure 64
show a pronounced and repeatable coupling between the applied magnetic field and the
surface pressure.

5.4. Summary

The streamwise DC discharge on a flat plate at freestream Mach 5 has a pronounced
effect on surface pressure. Heating thickens the boundary layer, increasing the slope of
the displacement thickness and increasing surface pressure. The bulk of the heating
occurs near the cathode. A compression wave system emanates from the cathode and
interacts with the bow shock. A 50 mA (approximately 60 W) discharge increases
surface pressures immediately downstream of the cathode approximately 10 percent.
Smaller pressure increases occur downstream.

The pressure increment due to the discharge scales roughly linearly with the discharge
power for the range of parameters considered. In general, the pressure increment near the
cathode was higher for more diffuse discharges. A constriction in the discharge had a
pronounced effect on the pressure near the cathode, but had a lesser effect downstream.
This is presumed to be due to the non-uniformity of the discharge near the cathode.

Magnetic fields changed the structure of the discharge and altered the pressure
distribution. At low magnetic field strengths some constriction of the discharge occurred,
lowering the power input to the plasma and decreasing the pressure rise. At higher
magnetic fields power inputs increased, perhaps due to the Hall effect, with attendant
increases in pressure. The Lorentz force visibly acted on the plasma glow, but the
interaction parameter was apparently not large enough to dominate over heating effects.
In general, the pressure distribution over the plate was more uniform in the presence of a
(-B) field (Lorentz force away from the plate surface). Integration of surface pressures
shows the overall induced normal force to be larger for B=-0.9 T than for B=0 T.

Surface discharges are shown to be an effective means of manipulating the pressure field
about a flat plate. The configuration demonstrated in this paper could have applications
as a virtual flap or boundary layer diverter. The observed effect is due to Joule heating of
the boundary layer fluid near the cathode. The heated fluid expands and deflects the
external flow. Although there is some convective heat transfer from the electrode to the
gas, for discharges of less than several seconds the bulk of the observed effect is due to
Joule heating of the fluid.

For the configuration tested, the discharge tends toward a diffuse discharge for currents
of less than 100 mA and magnetic fields less than about 0.2 T. Higher currents and
magnetic fields create a more constricted discharge. When the discharge is constricted,
increasing voltage is required to drive a fixed current in the presence of an applied
magnetic field. Although this observation is consistent with a Hall effect, the measured
effective Hall parameter is less than that predicted using published values for collision
frequency. This discrepancy is probably due to changes in the structure and conductivity
of the discharge which are not accounted for in calculation of an effective Hall parameter.
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Observation of the glow from the discharge indicated that a Lorentz force oriented into
the plate pushed the discharge downward, and a Lorentz force vector oriented upwards
pushed the discharge away from the plate. Surface pressures on the plate were affected
accordingly. The pressure rise was enhanced in the presence of an upward-oriented
Lorentz force, and negated when the Lorentz force vector was oriented downward. This
effect is more pronounced with increasing X. This effect is consistent with a Lorentz
force coupling into the neutrals and changing the boundary layer thickness. However,
given the 3D nature of the discharge, the alteration of the discharge with magnetic field,
and the strong Joule heating of the boundary, it cannot be ruled out that this effect is due
to a change in Joule heating with the applied magnetic field. Nevertheless, the
observations show a consistent effect of the magnetic field on the pressure field created
by the discharge.
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Figure 46 Schematic of flat plate model. All dimensions cm. Electrodes are 0.64 cm
wide. Pressure taps are spaced 1.27 cm, starting at x = 2.48 cm.
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Figure 47 Pitot pressure near plate surface, normalized by stagnation pressure, as a
function of stagnation pressure.
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Figure 48 Pitot survey at x = 5.65 cm from leading edge.
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Figure 49 Effect of DC discharge on flat plate surface pressures. Pressures are
normalized by undisturbed (U=0) static pressures.
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Figure 50 Sample voltage trace during discharge.
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Figure 51 Electron number density as a function of streamwise distance at four locations
above plate surface. Measurements made on model centerline.
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Figure 52 Average discharge-on total temperature measurements at three locations above
plate surface, normalized by stagnation temperature.
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Figure 53 Average Pitot pressure above downstream electrode (anode) on flat plate.
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Figure 54 Average Pitot pressure during discharge normalized by undisturbed Pitot
pressure as a function of distance along the model for two heights above the plate.
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Figure 55 Normalized surface pressure at stations 1, 2, 3 (x=2.48, 3.75 and 5.02 cm,
respectively) as a function of discharge input power. Pressure is normalized by
discharge-off pressure.

Figure 56 100 mA, 140 W discharge, point A in Figure 55. View is from location
downstream and above plate. Flow is from top-to-bottom, cathode is at top of image.

Figure 57 400 mA, 170 W discharge, point B in Figure 55.
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Figure 59 Pitot pressure measured 0.5 cm above the plate surface at the downstream
edge of the rear electrode.
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Figure 60 Cathode temperature as a function of time before and after a ten-second
discharge (left), and peak cathode temperature as a function of discharge-on time.

1600

1400

1200

1000

800

600

Electrode Voltage, Volts

400

200

1600

1400

1200

1000

800

600

Electrode Voltage, Volts

400

200

A 0.05A
A A -0.05 A
_ﬁ A A AL A ’
Aaa, W2 A a4
- A A A A
A L oaR
A A 4
- A A
A
- A
A
1 1 1 1 1 1 1 1 1
1 -08 -06 -04-02 0 02 04 06 08 1
Magnetic Field, B, Tesla
A 0.20A
A -0.20 A
A
L A A
A
A A
- AN
Sy
1 1 1 1 1 1 1 1 1
-0.8 -06 -04 -02 0 02 04 06 08 1

Magnetic Field, B, Tesla

1600

1400

1200

1000

800

600

Electrode Voltage, Volts

400

200

1600

1400

1200

1000

800

600

Electrode Voltage, Volts

400

200

A 0.10A
A -0.10 A
A
A
- A
A
L AA
A A
A A
1 1 1 1 1 1 1 1 1
1 -08 -06 -04-02 0 02 04 06 08 1
Magnetic Field, B, Tesla
A 0.30A
A -0.30 A
i A
A
L A
A
i A
o A
A
L A
1 1 1 1 1 1 1 1 1
1 -08 -06 -04-02 0 02 04 06 08 1

Magnetic Field, B, Tesla

Figure 61 Effect of magnetic field on the voltage required to drive a given current.
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Figure 62 Images showing the effect of transverse magnetic fields on the glow from a
surface discharge. Flow is from left-to-right, cathode upstream.
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Figure 63 Induced pressure at each measuring station as a function of power. Squares,
cathode upstream, triangles, cathode downstream.
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