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Blunt Body in Hypersonic Electromagnetic Flow Field
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A combined experimental and computational effort has been devoted to investigate the interaction of a plasma
counterflow jet and magnetoaerodynamic blunt-body phenomenon in hypersonic streams. The weakly ionized,
counterflow jet generated by a plasma torch has a vibrionic temperature of 4400 K, an electron temperature
around 20,000 K, and electron number density greater than3 x 10'%/cm>. At a fixed injection stagnation pressure,
the plasmainjection actually increases drag above that of the room-temperature air counterpart due to a decreased
mass flow rate at the elevated temperature. However, at the identical mass flow rate, the plasma injection reveals a
greater drag reduction than the room-temperature air jet. It was found that the drag reduction is mostly derived
from the viscous—-inviscid interaction of the counterflow jet and thermal energy deposition. For the magnetoaero-
dynamic blunt-body experiment, the electromagnetic effect by an applied magnetic field from the blunt body is

detectable, but its quantification remains elusive.

Nomenclature

magnetic flux density

total drag

electrical field strength
electric current density
pressure

radius of hemispheric nose
interaction parameter, o B?r/pu
temperature

conservative variables

air density

electrical conductivity

ADCTNLIT Ao W

I. Introduction

PROMISING mechanism for improving aerodynamic perfor-

mance canbe derived from electromagneticforce.!~* The most
effective performance improvement using electromagnetism has
been demonstrated via the modified Rankine-Hugoniot condition
across a shock. In that, the Joule heating and the work done by
the Lorentz force on gas particles have been illustrated as addi-
tional entropy alteration mechanisms.*~® However, the possibility
of reducing the entropy jump, thus, the wave drag, depends on the
polarity of an applied magnetic field, the electrical conductivity of
the fluid medium, and the interaction of the aerodynamic and elec-
tromagnetic force. In a hypersonic stream, the air frequently attains
a weakly ionized state, and desired interaction is achievable by ap-
plying a magnetic field. The relative importance of aerodynamicand
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electromagnetic force is measured by the magnetic interaction pa-
rameter S = o B2L/pu (Ref 1). The applied magnetic field strength
B and the electrical conductivity of the weakly ionized air o domi-
nate the interaction.

The first significant magnetoaerodynamic interacting phe-
nomenon was demonstrated by the pioneering work of Ziemer.’
He has shown the shock standoff distance over a blunt body in-
creased drastically by a factor of 7.5 for an interaction parameter of
69. In his experimental effort, the aerodynamic force was not mea-
sured. However, earlier theoretical studies by Bush® and Meyer’
have shown that the interacting force of the electrically conduct-
ing fluid with an applied magnetic field and surface heat transfer
can produce appreciablechanges in hypersonic flow aboutthe blunt
body.

A group of experiments using plasma injection from the stagna-
tion region of a blunt body reported an astonishing amount of drag
reduction.!® Although the applied magnetic field was conspicuously
absent from these experiments, the counterflow jetinteraction, elec-
tromagnetic forces, and nonequilibriumthermodynamics were con-
sidered as possible key contributing mechanisms for aerodynamic
drag reduction via plasma injection. In more recent research efforts
by Shang et al.,'!"!? a major portion of the observed wave drag re-
duction was shown as the consequence of the counterflow jet and
bow shock wave interaction. The drag reduction from aerodynamic
interaction is realized by altering a single bow shock to a multiple-
shock structure by the counterflow jet. In gist, the flowfield consists
of the counterflow jet issuing from the stagnation region and re-
versing its direction downstream by the Mach disk as a free shear
layer. A part of the jet stream is entrained to form a toroidal recir-
culation zone beneath the dividing stream surface. The rest flows
over the recirculationzone to become a free shear. As the free shear
layer reattaches to the blunt body, it induces a series of compression
waves coalescing into a reattachment ring shock. The counterflow
jetinteractionreplaces the single bow shock over a blunt body by a
triple-shock structure.

The shock bifurcation phenomenon was also discovered by the
experimental study of the jet spike.!'!> The counterflow jet of a
bluntbody in supersonicregime has two distinct states. At the lower
injection pressure, the jet displaces the bow shock upstream. The
modified shock envelope is generally conical, and the flowfield is
unsteady. At higherinjection pressures, the displaced shock actually
retracts back from the conical to a blunt formation and returns to
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steady state.!!~!'4 At the bifurcation point between steady and un-
steady states, the drag also attains its minimum value. In essence,
the bifurcation is the consequence of breakdown of the subsonic
feedback loop between the Mach disk and the unstable free shear
layer. As the jet injection rate increases, the subsonic region con-
necting the Mach disk and the free shear layer diminishes in size.
At the bifurcation point, a portion of the counterflow, supersonic
jet diverts from the Mach disk, effectively cutting off the upstream
signal propagationfrom the free shear layer, then oscillatory motion
ceases.!!

The blunt body in hypersonic, weakly ionized air with an
applied magnetic field constitutes the true magnetoaerodynamic
phenomenon.!” In the earlier and the present experiment arrange-
ment, the applied magnetic field is generated by a coaxial pulsed
magnet coil in the blunt body. The polarity of the applied mag-
netic field, thus, is aligned with the axis of the blunt body in-
stead of a transverse field. According to the right-hand rule for
applied magnetic field, electrical current, and thrust, the resultant
force would not be in the axial direction of the body. Therefore, the
drag of the blunt body will remain unaltered. However, a signifi-
cant change in flowfield structure is anticipated. The present effort
attempts to verify this point and to quantify the variation of the bow
shock standoffdistancein conjunctionwith the magneticinteraction
parameter S.

The present effort consists of two distinct phenomena: the coun-
terflow plasma injection and a magnetoaerodynamicblunt body in
hypersonic stream. First, a side-by-side experimental and numeri-
cal approach will focus on plasma injection from a hemispherical
cylinder at a freestream Mach number of 5.8. Experimental mea-
surements include schlieren photographs, axial aerodynamic force
component measurements, and the spectral data of aerodynamic
load sensors under the tested conditions. The numerical simulations
are generated by solving the axisymmetric, compressible Navier—
Stokes equations based on the unstructured grid technique. The cal-
culations are concentrated in the stagnation region, and only tur-
bulent solutions by a one-equation closure model are generated.
The detailed flow structure within the displaced shock layer will
be delineated by comparing the numerical results with experimen-
tal observations. For the magnetoaerodynamic blunt-body hyper-
sonic flow, the weakly ionized air is generated by a dc glow dis-
charge upstream to the bow shock. The applied magnetic field will
be produced by a coaxial pulsed magnetic coil embedded in the
hemispherical cylinder. The transport property of the generated
plasma field and the applied magnetic field will be described in
detail.

II. Experimental Facility

The counterflow plasma jet and the blunt body in weakly ionized
air are tested in a blowdown, open-jet, high Reynolds number wind
tunnel. This wind tunnel was designed to simulate flows at a nom-
inal Mach number of 6.0, at the stagnation temperature of 610 K
(1100°R) and a range of stagnation pressures from 3.44 x 10* to
1.38 x 10* kPa (50 to 2000 psi). The mass flow rate of the exper-
iment spans a range from 0.77 to 4.63 kg/s, and this facility can
sustain a test period up to 10 min. The blunt-body model is a hemi-
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spherical cylinder that has a nose radius and a total length of 38.1
and 203.2 mm (1.5 and 8.0 in.), respectively. The basic models for
both the plasma injection and the experiment in weakly ionized air
are identical.

The model for plasma injection was fitted with a conical nozzle
to accommodate the plasma torch. To be compatible with the energy
input to the air supply of the torch, the nozzle was designed with
a throat diameter of 1.5 mm. The nozzle has a length-to-diameter
ratio of 6.42 and an exit Mach number of 3.28. At the injection
stagnation pressure of 482.6 kPa (70 psi) and temperature of 294 K
(529°R) respectively, the calculated mass flow rate is 0.52 gm/s
(0.0011 1bm/s). For the plasma torch experiment, the stagnation
pressure input to the torch has an operational range from 482.6 to
965.3 kPa (70 to 140 psi). The resultantrange of mass flow rate is
below the critical point of the counterflow jet bifurcation. Therefore,
the plasmatorchexperimentswere tested exclusivelyin the unsteady
flow regime.!!12

For the present investigation, the tunnel is operated at the lowest
freestream density of 0.0118 kg/m?, which still yields a mass flow
rate of 0.77 kg/s and the freestream pressure of 2 torr (0.037 psi).
To circumvent the condensation of the air in the test section, the
stagnation temperature is maintained at a constant value of 610 K
and the static temperature of 79 K (142.2°R) for all cases studied.
Under this tested condition, the Reynolds number has a value of
4.52 x 10*/m (1.38 x 10%/ft). Additional information of the testing
environment may be found in Refs. 11 and 12.

Both the plasma injection and the blunt body in an electrically
conducting medium require plasma generation. For the magneto-
aerodynamicblunt body, the weakly ionized air is produced by a dc
glow discharge within the test chamber and upstream of the model.
The applied magnetic field is derived from a coaxial pulsed magnet
coil builtin the bluntbody. For the plasmainjection, the counterflow
ionized air is generated by a plasma torch embedded within the
model and issues from the stagnation point. The aerodynamic force
is collected by a set of three piezoelectric force sensors or load cells
(Fig. 1). The transport properties of the plasma are collected by an
emission spectrometer for gas temperature and a double langmuir
probe for electron density and electron temperature.

The dc dischargeis provided by an Universal Voltronics BRC-10-
1000R STD-3PH-208V reversible polarity switching power supply.
This power supply unit is rated at 8 kW with 10 kV output source
at a signal impedance of 10 x 10°Q2. The maximal current output is
limited to 1 A. For plasma generationin the testchamberusing the dc
supply, a copperring isolated from the tunnel was used as the anode,
and the isolated nose cap of the cylindrical model was connected as
the cathode. A single dc power supply unit was sufficient to sustaina
stable and diffusive glow dischargeat an electrical potential strength
of 3000 V. The electrons of the dc plasma generation are obtained
from the secondary emission caused by the bombardment of the
cathode by positive ions. The ionization is mostly from the outer
shell of electrons, the so-called valency electrons. This mode of
plasma generationis the most energy efficient. At the relatively low
freestreampressureof 2 torr, a uniform glow dischargewas achieved
until the ambient pressure exceeded the value about 3 torr, then the
discharge appeared as a group of steamers.
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Fig. 1 Force measuring model.
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A plasma cutting torch from Thermadyne supplies the ionized
air for the counterflow jet. This torch consists of two basic units,
the PAK Master 50XL power supply and the PCH/M-28 torch. The
maximum power output from this plasma torch is rated at 35 A with
an ac input single-phase voltage of 208. However, in the present
application, the unitis strictly operatingin the starting mode. There-
fore, the power outputis far below the rated value. The arc starting
circuit has a high-frequency generator that produces an ac voltage
from 5000 to 10,000 V at a frequency of approximately of 2 MHz.
The pilot arc within the torch head is initiated in the gap between
the cathode and the positively charged tip. The pilot arc ionizes the
compressed air passing through the torch head and exits through
a small orifice in the torch tip with a swirling velocity component.
The plasmais further expanded by a conical nozzlebuiltin the force
measuring model. The plasma jet exits the nozzle at a Mach number
of 3.28, if a sonic condition prevails at its throat.

The coaxial, pulse solenoid coil within the model is designed to
generateamagnetic field strengthup to 2.0 T at the pole. Meanwhile,
the calculated maximum pulse discharge currentis 920 A and takes
5 ms to exhaust the bank of four capacitors rated at 7700 wF each.
Because the magnetic flux density decays rapidly according to the
inverse cubic power of distance from the pole, the magnetic flux
density at the stagnation point of the blunt body is calculated to
be 1.4 T. At the bow shock, the calculated magnetic field intensity
along the axis of symmetry is further reduced to a value of 0.75 T.
Neodymium rare earth (NeFeB) magnets have also been tested. The
maximum flux density at the pole indicates a value of 0.47 T.

The aerodynamic force was measured by load cells and later ver-
ified by a strain gauge. For most experiments, three load cells were
used to record the total aerodynamic force along the body axis.
These load cells, or quartz-force rings (ICP Model 201B03) have a
maximum compressionrange of 11.1kN and a sensitivityof 44.4 N.
The force data were recorded by these cells by a prestressed load
of 2.2 kN to operate in the linear measuring range. To minimize the
electrical signal interference for the magnetoaerodynamic experi-
ment, the force was record by a strain gauge through a pivot hinge
at the base of the model support. Data collected by both measuring
devices showed close agreement with each other. By this arrange-
ment, the total axial force exerted on the entire model, includes the
wave drag, skin-friction drag, base drag, and the reverse thrust of
the counterflow jet.

III. Numerical Analysis

An experimental and computational side-by-sideinvestigationis
essential for studying the complex self-sustained fluid motion high-
lighted by a jet spike shock bifurcation. The detailed dynamic event
of the counterflow jet and its associated multiple shock wave struc-
ture can only be obtained by solving the time-dependent, axisym-
metrical Navier—Stokes equations. The system of governing equa-
tions is solved by an implicit, unstructured Euler/Navier—Stokes
solver, Cobalt.!> The numerical algorithm is based on Godunov’s
Riemann formulation and implicit time stepping to yield second-
order spatial and temporal accuracy (see Ref. 16). The numerical
procedure is developed for a cell-centered, finite volume approach
and able to accommodate a single-grid system that may consist
of a variety of cell types, tetrahedron and hexahedron, in three-
dimensional space. The neighbor-cellconnectivity of a unstructured
gird formulation also enhances an exceptionally scalable, parallel
computing performance when this numerical procedureis ported to
multicomputers using a message passing interface library.!’

The governing equations are discretized by the fully implicit nu-
merical scheme as

B —U" — U= U"" D286+ V- F=0 (1)

where U aretheconservativeindependentvariablesU (p, pu, pv, p)
and F are flux vectors of the Navier—Stokes equations. The recon-
struction of the flux vectors at the centroid of the cell faces is by a
least-square solution to the approximation
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Fig. 2 Grid refinement for shock resolution.

where U, 41/, are the reconstructed left and right sides of the vari-
ables at the cell interface and VU; is the gradient vector for the
celli.

In the present application, the no-slip velocity components and
adiabatictemperature conditionsare imposed on the blunt-body sur-
face. For the plasma torch, the sonic throat is prescribed at the en-
trance boundary for the conicalnozzles. The unperturbedfreestream
conditionis specified at the upstreamboundaryand the no-reflection
conditiondownstream for the far field. Turbulentclosureis achieved
by the Spalart—Allmaras one-equation model.!

The numerical accuracy is assessed by generating four consecu-
tive solutions on increasinglyrefined grids. For the shock-dominant
problem, the error criterion for evaluation is the shock definition
and the standoff distance. At a freestream Mach number of 5.8 and
a Reynolds number based on nose diameter of 3.45792 x 10°, the
axisymmetrical flowfield around the hemispherical cylinder is cal-
culated on four differentgrid systems that consistof 12,699,23,724,
37,395, and 68,248 cells.

In Fig. 2, the pressuredistributionsare presented along the axis of
symmetry from the undisturbed freestream toward the blunt body.
These pressure distributions reveal the rapid compression and ex-
pansion process at the bow shock and the forward motion terminat-
ing Mach disk. The pressure distribution also shows the final and
continuous expansion from the counterflow jet exit into the shock
layer. The numerical results are essentially grid independent after
the third grid refinement. The calculated and measured standoff
distances compare very well with the correlated data by Ambro-
sio and Wortman.'” The normalized values by the nose radius are
A/r=0.155 and 0.157, respectively. For the finest mesh system,
the average law-of-the-wall variable y™ is around unity. The finest
grid distributionis adopted for the rest of the present computations.

IV. Accuracy Assessment

The uncertainty in experimental data arises mostly from the
drag measurement using load cells. these piezoelectric quartz sen-
sors have built-in microelectronic amplifiers, which convert the
high-impedance electrostatic charge from the crystals into a low-
impedance voltage output. Therefore, it is most effective for mea-
surementof a dynamic event. In the presentinvestigation,the testing
sequenceis designed to take advantage of this feature. Efforts have
been made to maintain an isolated environment for the sensors from
electromagnetic and thermal interferences. From the seven sets of
data, includingtwo data sweeps and four discrete measurements, the
data scattering band is less than 1.7%. However, the major portion
of the data discrepancy between sweeps is in the determination of
the absolute drag value after the model is injected in the tunnel jet
stream. The overall measurement uncertainty is around 7%.

Another source of the experimental uncertainty is the thermo-
dynamic state and transport property of the plasma. Although the
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internal energy partition among different quanta of the vibrionic
mode is uncertain, the average vibrionic temperature of the plasma
is determined to be 4400+ 400 K. It is arguable that the internal
degrees of freedom of translation, rotation, and vibration are in
thermal equilibrium. The electron temperature obtained from the
langmuir probe near the sonic region in the shock layer was around
20,000 K. The corresponding electron density, which is highly de-
pendenton the locationrelative to the plasma plume yielded a value
of 3 x 10'2/cm?® or higher. When the chemical composition for the
equilibrium state is assessed, it is unrealistic to assume the plasma
torch is in a state of thermodynamic equilibrium.!’!> Nevertheless,
the nonequilibriumchemical kinetic effects on the flow may still be
small in view of the extremely low concentration of ionized com-
ponents in the plasma jet.>-

The numerical error of the presentresults consistof two elements,
the inappropriate governing equations and computationalaccuracy.
The error thatincurred by solving overly simplified governingequa-
tions for magnetoaerodynamic phenomena presently cannot be as-
sessed. For the present numerical simulations, neither the chemical
kinetics nor the finite electrical conductivity electromagnetic ef-
fectshavebeen takeninto considerationto reflect the state-of-the-art
development®

For a shock-dominant problem, the criterion of numerical er-
ror evaluation is the shock definition and its standoff distance. In
essence, the captured shock region is only first-order accurate for
all approximate Riemann formulations. The computational error is
assessed by generating solutions on consecutivelyrefined grids im-
mediately adjacent to the shock. The grid refinement was focused
on the anticipated bow shock location. The calculated shock stand-
off distances, defined by the sonic point of the captured shock, were
essentially gridindependentafter the third grid refinement. The iden-
tical process was also applied to nozzle configurations of smaller
throat diameter nozzles.

V. Transport Property of Plasma Torch

Initially, the rotational temperature of air plasma was attempted
by the opticalemission from the second positiveelectronictransition
C3I1, = B°I1, of molecular nitrogen?’~2* However, the nitrogen
C-B spectrawere obscured by emission from other species, such as
the molecular oxygen and nitric oxide, as well as vapors of copper
and iron. Nevertheless, the origin band (0, 0) of the ionized nitrogen
N7, C*If = XZH; appears as a prominent feature in the plasma
torch emission spectrum. A composite spectrum of the plasma torch
in the 3400-4400 A wavelength range was obtainable??* The av-
erage vibrionic temperature, determined from the Boltzmann plot
and a blackbody modeling is 4400 £ 400 K (7920 £ 720°R).

The electron density and temperature of the plasma field around
the torch and the magnetoaerodynamicexperimentof the bluntbody
are measured by a double langmuir probe (See Refs. 23 and 24). The
probeis constructed from 0.5-mm platinum wire. The electrical po-
tential is provided by a £100 V Kepco bipolar power supply. To
determine the entire current-voltage characteristic, electrical cur-
rent measurement capability in the microampere range is essential.
For that purpose, the resistor in the circuit can vary from 1030 to
11,305 €2 (Ref. 24). The langmuir probe has a double-hole ceramic
sleeve and a wire separation distance of 1.0 mm, and the sensing
area of each probe is 2.1 mm?. Although the platinum wire has a
highresistanceto oxidation at high temperature, the langmuir probe
is still limited to the fringe area away from the plasma plume.

For the plasma injection, a langmuir probe survey of the entire
shock layer was carried out at the lowest plasma injection pressure
482.6 kPa (70 psi). Two different survey mechanisms were used.
Close to the centerline of the plasma plume, the probe is introduced
from the nose cap of the blunt body. Downstream from the nose cap,
the survey was conduced by a traverse mechanism mounted on the
top wall of the test chamber. The closest survey radial distance from
the centerline of the plasma plume without thermally shattering the
probe is 0.76 cm (0.3 in.). Based on numerical results, the local
temperature is around 3600 K (2000°R) (Ref. 12). The data were
sampled from a distance as close as 0.1 cm from the nose cap to
beyond the deattached bow shock. In general, the electron number

Fig. 3 Total field of plasma injection.
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density, electrical conductivity, electron temperature, and electrical
field strength attain the maximum value in the plasma plume. The
magnitude of these plasma transport properties within the shock
layer decreases toward downstream. Because the flowfield is in the
subcritical state of shock bifurcation, the measurements exhibit a
very wide scattering band. The data scattering also decay rapidly
from the plasma plume and then slowly dissipate downstream. The
plasma field over the hemispherical nose region is given in Fig. 3.
Typical electronnumber density,electricalconductivity,and elec-
tron temperature distributionsare presentedin Figs. 4-6. These data
are collected along a constantradial distance,r = 1.52 cm, from the
blunt body to beyond the enveloping bow shock. In Fig. 4, the elec-
tronnumber density distributionacrossthe shock layeris shown. The
measured number density of electrons fluctuates around the value
of 2 x 10'2/cm®. The number density increasesslightly approaching
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the bow shock then drops drastically across the shock. In this as-
pect, the shock wave is acting like a barrier in preventing heavy
charged particles to escape the shock envelope. One would expect
that charge separation takes place across the shock front like that
of the region of electrodes. However, the present measurementdoes
not have sufficient resolution to draw a definitive conclusion. The
electrical conductivitydistributionalong the same trace exhibits the
nearly identical behavior as that of the electron number density in
Fig. 5. This behavior is anticipated because the electrical conduc-
tivity o is linearly proportional to the electron number density and
electronmobility.2*?* For the presentexperiment, the electrical con-
ductivityyields an average value 60 mho/m across the major portion
of the shock layer, rises to a slightly higher value of 140 mho/m at
the shock, and falls to a very low and unmeasurable value upstream
of the shock.

The electron temperaturedistributionof plasmain the shock layer
is presented in Fig. 6. The statistical average value across the shock
layer in the constant radial array is 20,000 K (36,000°R). Beyond
the bow shock envelope, the electron temperature of the plasma falls
below the value that can be measured with any certainty. In spite of
the extremely low concentrationof ions such as NO™, 02+, and N2+,
this measurement clearly shows that the plasma field is not in the
state of thermal equilibrium. Finally, the electrical potential of the
plasmatorch along the same constantradial array is shownin Fig. 7,
and the overall measured potential is confined with 30 V/cm. At
the shock front, the electrical potentialreveals predominantnegative
values in contrast to the rest field within the shock layer. It may be
viewed as an additional evidence of charge separation.

To differentiate the electromagneticeffect from the aerodynamic
interaction and thermal phenomenon, an applied magnetic field is
imposed on the plasma stream. A set of NeFeB magnet collars have

been placed around the counterflow nozzle, and the maximum mag-
netic flux density at the poleregistersa value of 0.47 T. The magnetic
field is aligned with the axis of the nozzle. The polarity of the magnet
is also reversed to seek a possible change in drag. Thus, the applied
magnetic field is expected to produce a difference in total drag.

VI. Plasma Injection Experiment

In the plasma injection experiment, the plasma is generated by
a plasma cutting torch embedded in the force measuring model.
Because the power output of the torch in the startup mode is rather
limited, only a small amount of air supply can be ionized. In the
experiment, the stagnation pressure of the air supply spans a narrow
range from 482.6to 965.3 kPa (70 to 140 psi). In this counterflow jet
stagnation pressure range, the flow is in the subcritical bifurcation
state and is characterized by unsteadiness.

At the plasma temperature around 4400 K (7920°R) and maxi-
mum static pressure within the shock layer of 10.5 kPa (78.9 torr),
the plasma chemical composition in equilibrium condition can
be determined from numerous databases? The mass fractions of
molecular nitrogen and nitric oxide are 0.68 and 0.05, respectively.
The oxygenmoleculesare nearly all dissociatedto yield a mass frac-
tion of atomic oxygen around 0.26. The components of N*, NOT,
N7, and O* are on the order of magnitude from 10~ to 10~ These
low mass fractions are essentially considered trace elements, but in
these highly excited states, these chemical species can still have a
significant amount of energy content. Although the plasma counter-
flow jetis understoodto be in a thermodynamically nonequilibrium
state, the chemical composition and internal energy partition can
not be predicted with certainty. To avoid this uncertainty, the fluid
dynamic behavior of the aerodynamic interaction is evaluated by
the mass-averaged, time-dependent, axisymmetric Navier—Stokes
equations without the detailed chemical kinetics but with equilib-
rium air composition. However, it is reasonable to assume that the
vibrionictemperature (4400 &= 400 K) is in thermal equilibriumwith
the translational and rotational degrees of freedom but not neces-
sarily with electron temperature (7, =20,000 K) (Refs. 3 and 5).
In short, the temperatures of the injected plasma are comparable to
that reported by Ganiev et al.!’

The composite schlieren photograph at four different stagnation
pressures of the plasma injectionis presentedin Fig. 8. The plasma
is injected into the bow shock envelope at stagnation pressures of
582, 689, 827, and 965 kPa (70, 100, 120, and 140 psi). Two major
features of the plasma injection in contrast to the room temperature
counterflow jet stand out. First, the shock waves uniformly retract
toward the blunt body for all cases tested. Based on the perfect-
gas model calculation, this phenomenon is mostly associated with
a reduced mass flow rate by the elevated plasma temperature.!!:!2
The mass flow rate of the nozzle is linearly proportional to the
stagnation pressure and inversely proportional to the square root
of the stagnation temperature 1 ~ (py/+/Tp) ;. Under the present
testing condition, the mass flow rate is reduced by a factor of 3.9.

The other feature of plasma injection is that the amplitude of
the unsteady shock wave movement is significantly subdued. How-
ever, the basic oscillatory behavior between two differentinjectants
is similar, and the most predominant oscillatory mode occurs at
100 Hz. Over the frequency range from 500 to 2500 Hz, the os-
cillatory amplitude of the plasma injection is roughly 10 dB lower
than the room-temperatureair counterpart. This behavioris dramatic
on the video recording, and the same observation can also be made
from the blurred photographicimages of the room-temperature in-
jection of the sharply defined shock structure by the plasma injec-
tion. At the lowest plasma injection pressure [482 kPa (70 psi)],
two biased bow shocks appear to dominate over others, but the un-
steady movement of shock waves persisted. These two contrasting
features between the room-temperature air and plasma injection are
uniformly observed over the entire tested pressure range.

The side-by-side comparison of schlieren photographs and com-
puted results of the counterflow plasma injectionis given in Fig. 9.
For the comparison case, the stagnation pressure of the jet is
482.6kPa (70 psi), and the ratio of the stagnation pressures of the jet
and the tunnelis 1.4. The injecting rates are 0.52 and 0.13 g/s at the
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Fig. 8 Schlieren photographs of plasma injection.

stagnation temperatures of 294 K (530°R) and 4400 K (7920°R), re-
spectively. The plasma jet computationis based on the assumptions
that the sonic condition prevails at the nozzle throat and that the
chemical composition of the plasma is not drastically different from
the equilibriumcondition. Therefore, the thermodynamicproperties
of the plasma can be approximated by the equilibrium air compo-
sition. Because the unsteady flowfield is induced by a feedback
mechanism associated with free shear layers, numerical results us-
ing turbulent closure are unable to resolve the physical phenomena
inthis fine scale. In essence, the experimental observedbistable state
of the shock structure is not resolved by the present numerical sim-
ulation. Nevertheless, the essential affinity of schlieren photographs
obtained by experiment and the calculation is reasonable.

VII. Results of Plasma Injection

The drag data at four tested stagnation pressures of the plasma
counterflow jet and the computed results are presented in Fig. 10.
The discrete data set is accompanied by results from room-
temperature air injection in a single data sweep. These continuous
data distributions serve as a reference for individual drag measure-
ments. The agreement between measurements and calculations at
the low-temperature injection is about 5%, the same magnitude as
the data scattering band. In the present data collection process, the
drag measuring procedure starts with room-temperature air injec-
tion. The plasma is then introduced by igniting the torch and is
sustained for a duration of 15 s. The piezoelectric force sensors
have yielded consistentoutput immediately after the transient elec-
tromagnetic pulse has subsided. The individual drag measurement
of the room-temperature air injection registers a value close to the
values from the data sweep. The measured drags rise when the
plasma is ignited. According to the present and previous compu-
tational analyses of comparable simulations, this behavioris mostly
due to reduced mass injection flow rate.!'"!> There is little doubt
that the plasma injection has produced a greater drag reduction than
the room-temperature air injection at the identical mass flow rate.
However, it is not completely certain that all of the additional drag
reduction is derived from thermal energy deposition.

Plasma injection

Fig. 9 Comparison of schlieren and computation.
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Fig. 11 Drag data vs injecting mass flow rate.

The controlling parameters of the counterflow jet are the jet mass
flow rate, jet exit Mach number, and thermodynamic property of the
injectant.!!~ !4 In the presenteffort, the jet exit Mach numberis 3.26.
For plasmainjection,the nonequilibriumweakly ionized air notonly
changes the temperaturebut also the thermodynamic property of the
injectant. At present, an accurate description of the nonequilibrium
plasma is far from ascertained, but a reasonable measurement of
injectant temperature is possible by emission spectra. Therefore,
only the thermal effect on plasma injectionrate can be isolated and
is analyzed by solving the mass-averaged Navier-Stokes equations
with a known equilibrium air composition.

The equilibriumchemical compositionof the plasma counterflow
jet can be obtained in terms of mass fraction at the thermodynamic
state near the Mach disk in the shock layer (4400 K and 10.5 kPa).
The mass flow rates of the plasma counterflow jet were calculatedby
solving the Reynolds averaged Navier-Stokes equations based on
the equilibrium composition. The computed mass flow rate yields
values of 0.13, 0.19, 0.23, and 0.26 g/s, which corresponds to the
nominal injection pressure ratios p;/po of 1.4, 2.0, 2.5, and 2.8,
respectively. The drag data are presentedin Fig. 11, as a function of
the mass flow rate. In this physically meaningful format, the drag
reduction by plasma injection can be easily explained. The calcu-
lated mass flow rate at the higher stagnation temperature of 4400 K
(792(rR) reveals that, at the identical mass flow rate, the plasma
injection indeed produces a greater drag reduction than its room-
temperature counterpart. However, the major portion of the reduced
drag is derived from the thermal deposition of the plasma. How-
ever, when energy is distributed among differentinternal degrees of
excitation, the drag reduction diminishes. Under this condition, the

difference between calculated results and measurementsis confined
within the band of data uncertainty.

In an attempt to further define the electromagnetic effect for the
plasma counterflow jet, an applied magnetic field was imposed by a
setof NeFeB magnets around the plasmatorchchamber. The applied
magnetic field is aligned with the axis of the nozzle to enhance
the plasma pinch effect® The magnet has a maximum magnetic
flux density of 0.47 T at the pole, but the field strength diminishes
rapidly toward the nozzle axis. The estimated value is about0.17 T
locally, and the plasma interaction parameter S = (o B2R/pu) is
uncertain but much less than unity. Under this circumstance, the
effects of electromagnetism are difficult to detect. As anticipated,
only limited success was achieved at the lowest plasma stagnation
pressure. The difference between plasma and room-temperature air
injection including the applied magnetic field is detectable but is
confined within the uncertain data scattering band.

The electromagneticforce of the plasma injection may also enter
the interaction mostly through conductive current and transport of
excess charges.?® Significant charge separation may occur at loca-
tions where the disparity of electron and ion mobility are accentu-
ated, such as near the electrodesand across the shock wave. Because
an electromagnetic field modifies the Rankine-Hugoniot condition
across a shock (see Refs. 2 and 3), the charge separation at the
shock wave is one of the likely sources to affect the wave drag.
Unfortunately, the present measurements by the double langmuir
probe lacks the resolution to be conclusive.

VIII. Electromagnetic Fields Generation

The magnetoaerodynamicexperiment is designed to be parallel
to that of Ziemer.” However, there is a critical difference between
experiments in the plasma generating process. In the presentexper-
iment, the weakly ionized air is generated by the dc glow discharge
and the effect of nonequilibrium chemical kinetics may become
negligible. In the present setup, the nose cap serves as the cathode,
and a copper ring that grounds to the metal frame of wind tunnel
is used as the anode. The shortest streamwise distance between the
electrodes is 5.0 cm. When the plasma is ignited at the freestream
pressure of 2 torr, the glow discharge can be easily maintained by
an electrical potential of 3000 V and a current up to 800 mA with a
power of 2.4 kW.

Theentireplasmafieldis presentedin Fig. 12. The surface glow of
the nosecapis concentratedmostly at the junctureof the hemispheric
nose and the cylindrical afterbody, which indicates the weakly ion-
ized air upstream to the model is nonuniform. The concentrationof
the surface glow at this location is enhanced by both the sharp junc-
tureedge of the nose cap and alower local static pressureafterarapid
expansion from the stagnation point. The pressure and temperature
at the stagnation point of the blunt body is 78.7 torr (1.52 psi) and
592.0 K (1064.8°R), respectively. It is well known that the break-
down of the glow discharge around the electrode is most sensitive

Fig. 12 Plasma field of magnetoaerodynamicexperiment.
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to the ambient pressure?* The uniform and diffusive plasma field
degenerates into arc streaks when the static pressure in the tunnel
increases from 2 to 3 torr. This behaviorwas alsonotedin the earlier
experiment conducted in a vacuum chamber’

From the langmuir probe survey, the typical plasma field up-
stream of the bow shock can be characterized to have an electron
number density of 2-10 x 10'?/cm?, an electrical conductivity of
7-30 mho/m, an electron temperature about 160,000 K, and the
electricalfield strengthup to £60 V/cm. The distributionof the elec-
trical conductivity along a constant radial distance from the body
axis, r =6.35 cm, is shown in Fig. 13. The streamwise distance
Z is now measured from the stagnation point toward downstream.
The rapid rise of measured values at z > 3.8 cm within the shock
layer may be attributable by probe interference near the electrode.
This low electrical conductivity of the glow discharge may be un-
derstood from the low mass fraction of the ionized air components.
The dc glow discharge supplies merely 2.4 kW to the tunnel stream
with a high mass flow rate of 0.77 kg/s. This miniscule energy input
from the dc discharge is unlikely to significantly alter the thermo-
dynamic state of the airstream in comparison with the 950 kW of
power input from multistage compressorsand the pebble bed heater.
As a reference point of the testing environment, the electrical con-
ductivity of Ziemer’s experiment in an electromagnetic shock tube
(2800 < 0 <5500mho/m) is nearly two orders of magnitude greater
than the present condition.’

The key element of a magnetoaerodynamic phenomenon is
the presence of an applied magnetic field. The modification to
the Rankine-Hugoniot condition is most effective through a trans-
verse field with respect to the electrical current (see Refs. 2-5). In
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the present test, the applied magnetic field is aligned with the body
axis. Several applied magnetic fields were attempted including a
low-current solenoid with steel core concentrator, NeFeB magnets,
and a high-current impulse solenoid. From Fig. 14, the impulse
solenoid exhibits the greatest magnetic field strength of more than
1.37 T at the stagnation point. Observe that the magnetic field
strength decays rapidly toward the bow shock and that the strength
is reduced to less than 0.75 T locally. The pulse currentis delivered
from a bank of four capacitors (7700 nF each) with a peak current
of 920 A. The bank of capacitors can sustain discharging current
greater than 850 A for a duration about 5000 us. From Zeimer’s
experience (a total of 35 ws), this time frame will be sufficient for
the flowfield to adjust to the electromagnetic effect.”

IX. Magnetoaerodynamic Experiment

The procedure for the magnetoaerodynamic experiment is very
straightforward. The force measuring model is injected into the tun-
nel stream when the static pressurereaches 2 torr (p = 0.04 psi) and
Ts =79 k (142.3°R). Then the plasma is ignited and maintained
by a steady electrical current up to 920 mA between electrodes. Fi-
nally, a trigger switch initiates the discharge of the capacitors bank
through the impulse solenoid. The axial force data of the blunt body
and schlieren images are collected over a period of 5 ms. The time
elapse allows a high-speed video system to capture about five im-
ages. This recording period is synchronized with the time frame that
the solenoidis energized by an electrical current greater than 850 A.

Under the typical testing condition, the interaction parameter in-
dicates a range of 0.140 < S <0.28, which is far below the value
obtained by Ziemer.” The requirementsto increase the magnitude of
the interaction parameter of the presentexperimentmust be concen-
trated on decreasing the flow density and increasing the electrical
conductivity of the plasma and the applied magnetic field strength.
For a fixed applied magnetic field strength, the distance or the gap
between the solenoid and the bow shock must be significantly re-
duced. In any event, an instantaneous carbunclelike structure of the
bow shock has repetitivelyappeared (Fig. 15) instead of a uniformly
outward displacement of the bow shock detected by Ziemer using
an overexposure approach.” This anomaly has been observed re-
peatedly in experiments and appeared as a transient phenomenon
from an electrostatic discharge. Partial supporting evidence is that
these schlieren images were captured only by a single frame of a
1000-frame/s video system.

The force measuring strain gauge for the magnetoaerodynamic
experiment is located at the base of the model support to minimize
the electromagnetic interference. The strain gauge has also been
carefully calibrated. At the tunnel in-flow condition, the strain gauge
givesatotaldrag of 31.14 N (7 1bf), whichis also verified by the com-
putational results. However, when the applied magnetic and plasma
fields exist simultaneously,the strain gauge registered a strong puls-
ing signal. The electrical pulse exists for a period of 1000 us, which
is partially coincided with the duration of the strongestapplied mag-
netic field. From the high-speed video system, the plasma field is
observed to be profoundly effected by the applied magnetic field.
This behavior is vastly different when the solenoid is energized
in the absence of the flowfield in that the strain gauge registers a

Fig. 15 Modified shock structure by magnetoaerodynamic force.
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small-amplitude perturbation and followed by a ringing pattern in
the evacuated tunnel [p =8.27 torr (0.16 psi)].

From the presenteffort, it is unmistakably clear that further mag-
netoaerodynamicexperimentsare still urgently needed to establisha
solid frame of reference for thisinterdisciplinaryresearch. The mod-
ified Mach 6 tunnel has served its purpose well in guiding future
research, as well as opening a new avenue for better understanding
of this complex yet promising new technological challenge. How-
ever, the need of a specifically designed facility is now critical to
explore and to establish a largely uncertain scientific discipline.

X. Conclusions

The dragreductionby a plasma counterflow jetis investigatedin a
Mach 6 wind tunnel at a freestream pressure of 268.7 Pa (0.040 psi)
and temperatureof 79 K (142.3°R). The plasma with a vibrionictem-
perature of 4400 £ 400 K, an electron temperature about 20,000 K,
and an electron density greater than 3 x 10'?/cm?® is injected from a
hemisphericalcylinder. At a given injecting stagnation pressure, the
measured drag is nearly 10% higher than the room-temperature air
injection. However, if the decreased injection mass flow by the ele-
vated plasmatemperatureis takeninto consideration,the dragreduc-
tion by plasmainjectionis in fact greater than the room-temperature
counterpart.

Based on the equilibrium chemical composition at the plasma
condition and at the identical injecting mass flow rate, the plasma
injection would yield a 12.5% greater drag reduction by the plasma
thermal effect alone. The present side-by-side experimental and
computational research indicates that the major portions of drag
reduction by plasma injection are derived from the favorable shock
and counterflow jet interaction and thermal energy deposition. The
contribution from the electromagnetismis small and unmeasurable
in the present investigation.

The magnetoaerodynamic experiments in a modified conven-
tional hypersonic facility with introduced plasma generator has re-
vealed that a significant and applicable electromagnetic effect must
be derived from an appropriate applied magnetic field. It is just a
reaffirmation of the pioneering theoretical observations.
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