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Developing a Facility for Magnetoaerodynamic Experiments
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Signi� cant progress has been made in researching key components for a magnetoaerodynamic hypersonic ex-
perimental facility. A wind tunnel, which operates at a nominal Mach number of 6, has been restored to running
condition and yielded preliminary data on aerodynamic drag and shock bifurcation for a jet spike. Plasma gen-
eration via radio-frequency (RF) radiation has also shown promise in providing a fairly uniform � eld around
the RF-signal-carrying electrode. A technique for measuring temperature of weakly ionized air has been accom-
plished based on rotational spectra of vibrionic excitation of nitrogen. These newly acquired techniques are being
integrated to create an interdisciplinary simulation facility.

Nomenclature
B = magnetic � ux density
J = electrical current density
p = pressure
U = velocity vector, u, v, w
q = density
r = electrical conductivity

I. Introduction

F OR most hypersonic � ights the ionized air mixture within
the shock layer frequently attains an electrical conductivityof

100 mho/m, depending on the � ight speed and altitude.1 The inter-
action of moving chargedparticles and an electromagnetic� eld will
generate the Lorentz force as an additional mechanism to remove
limitations imposed by conventional aerodynamic law. Resler and
Sears1 examined a dimensionless parameter governing the relative
magnitude of the Lorentz and aerodynamic forces; it appears that
the electromagnetic body force would become dominant at high
altitude and high speed. These � ow conditions naturally occur in
hypersonic � ight.

One of the possibleuses of the Lorentz force is for accelerationor
decelerationof gas continuouslyat subsonic and supersonic speeds
without choking. This type of � ow� eld manipulation is achieved
by the velocity and temperature coupling of electrically conducting
media through Joule heating.1,2 The � ow orientation in a charged
medium can also be altered by the intrinsic curvature of the trajec-
tory of an electron traveling nonparallel to a magnetic � eld.3 The
Hall effect has been proposed by the aircraft industry as the driv-
ing force behind diverting charged � uid particles for combustion
enhancement, as well as for inlet distortion and propulsive system
weight reduction. Under some conditions the eddy current induced
by the turbulent � uid particles crossing lines of magnetic induction
will interactwith the magnetic � eld and tend to damp turbulentmo-
tion. Even at moderatevaluesof the Hartman number, the wall shear
stress of turbulence can be reduced.4

The most outstandingaerodynamicphenomenonin a plasma � eld
is that of compound wave propagation, shock-wave dispersion and
bifurcation.A striking effect is the dramatically increasing standoff
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distance of a bow shock over a blunt body in a plasma � eld.5,6 This
effect was � rst predicted by the theoreticalwork of Bush6 40 years
ago and then observed by Ziemer by applying a magnetic � eld to
the hypersonic blunt-body � ow.5

The research of shock-wave propagation in plasma was rejuve-
nated in Russia in the 1980s, the AJAX Concept,7 ¡ 10 and more
recently by Ganguly et al.11 Their collective � ndings can be sum-
marized as the structure and the propagation speed of shock waves
are signi� cantlymodi� ed by nonequilibrium,weakly ionizedgases.
Therefore, if an electrically charged medium could be introduced
upstream of the bow shock and the wave bifurcation quanti� ed,
these newly identi� ed physical phenomena can have revolutionary
potential for high-speed � ight.

To introduce the plasma upstream of the shock wave, recent re-
search tends to use either plasma injection or microwave energy
deposition.12 ¡ 15 Some of the experimental results reported a drag
reduction up to 50% or more, which raises the question of what is
the main mechanism that produces this astonishing result. In prin-
ciple, there are four basic mechanisms that can drastically alter the
force exerted on a body: the jet spike that creates a bifurcation of
the bow shock-wave structure; the nonequilibrium energy deposi-
tion among internal degrees of freedom; the purely thermal effect
that simply increases the temperature of the oncoming airstream
and effectively reduces the freestream Mach number; and � nally,
the electromagnetic effects in the form of the Lorentz force and
Joule heating that change the Rankine–Hugoniot condition across
the shockwave. It shouldbecomeobvious, that a side-by-sideexper-
imental and computationalinterdisciplinarycapability is absolutely
necessary to address these presently unknown scienti� c issues.

The advent of high-performance computational technology has
provided a rare opportunity to establish an interdisciplinary effort
involving aerodynamics, electromagnetics, and chemical kinetics
that was intractable just a few years ago. The validation and ver-
i� cation of computational magnetoaerodynamics, with regards to
its � delity to physics, are paramount for a new interdisciplinary
� eld. The present approach is based on a side-by-side effort of
computationaland experimentaltechniques.First, the measurement
will guide the mathematic formulation based on theory and pro-
vide a database for numerical replication. Then, for system risk
reduction, both techniqueswill be applied to assess the engineering
feasibility.

The present effort attempts to developan experimentalcapability
for magnetoaerodynamichypersonics.The counter�ow jet interac-
tionwith the bow shockwaveat a Machnumberof 5.8 is investigated
to harness the most favorable interactions for hypersonic� ight. The
scienti� c � ndings in plasma generation and diagnostic procedure
are veri� ed and integrated into an interdisciplinary modeling and
simulation capability to de� ne the usable scope of aerodynamic
and electromagneticinteractions.The challenge in the science issue
alone warrants a redoubled effort; the impact to aerospace science
is just too enormous to ignore.
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II. Technical Approach
The gist of the present research initiative is to develop a basic

experimental research program to discover and to validate magne-
toaerodynamic phenomena for hypersonic simulation technology.
The interaction of a weakly ionized gas with an applied magnetic
� eld is investigated under a controlled environment. The exper-
imental facility consists of a blowdown, high-Reynolds-number
wind tunnel, plasma generators,and mostly nonintrusivediagnostic
instrumentation. The high-Reynolds-number wind tunnel was de-
signed to simulate a � ow condition at a nominal Mach number of
6.0, at the stagnation temperature 610 K, and a range of stagnation
pressure of 0.69–14 MPa. The simulated freestream pressure there-
fore has a range from 4–77 torr (0.5–10.0 kPa). This facility can
sustain a testing period up to 10 min and is the main test bed for the
present research program.

Two methods of plasma generation have been used; one method
is based on radio-frequency(RF) radiation from an antenna. In this
design the nose capsule of a blunt body is used as the source, and
the electric circuit is equipped with a tuner to match the impedance
of the power source and load. An RF signal emitted with suf� cient
intensity will ionize the ambient air adjacent to the blunt body for
plasma generation. The other method of plasma generation adopts
the conventional dc discharge, which has an obviously unique fea-
ture of being macroscopically time independent.Both methods are
designed to generate a fairly uniform plasma with an electron den-
sity around 1010/cm3 over a pressure range from 4–10 torr.

To monitor the level of ionization and stability of the plasma,
plasma diagnosticsare required. The electron density of the plasma
� eld is measured by microwave interferometry, mutual inductance
coils, and will be veri� ed by a Langmuir probe. Another impor-
tant parameter is the thermodynamicproperties of the plasma � eld.
The gas mixture temperatures is measured by a spectral analysis
of the emission of the molecule. From these data and the elec-
tromagnetic � eld information, the electrical conductivity can be
ascertained. All of the aforementioned data can be used to ver-
ify and calibrate the computed species concentration based on the
� niterate chemical kinetic model including the master equation for
translational-vibrational transition.

The present basic research program consists of three phases. In
phase one the Mach 6 tunnel was restored to running condition
and recalibrated to assess the � ow� eld condition. In phase two the
selected plasma generator and all required diagnostic tools were
integrated into the wind-tunnel data acquisition system. In phase
three the research effort was concentrated on improving the mea-

Fig. 1 Mach-number distributions along tunnel centerline.

surement accuracy and data generation. In the experimental pro-
gram the electric charge separation across the shock wave and the
transient behavior of the internal degree-of-freedom energy depo-
sition downstream of the shock wave is planned. In both cases the
thermodynamic and electromagnetic states across the shock were
investigated. The quanti� cation of the weakly ionized gas compo-
sition, electron density, electrical conductivity, and current density
has been attempted.

Once all of the transport properties of the weakly ionized gas are
ascertained, the Rankine–Hugoniot jump condition modi� ed by an
appliedelectromagnetic� eldcanbequanti� ed.An appliedmagnetic
� eld up to 0.5 T has been generated by a solenoid coil embedded
within the test model. The aerodynamic force and the energy re-
quired for the plasma generation were measured for assessing the
engineering feasibility in high-speed � ight.

III. Description of Wind Tunnel
The Mach 6 wind tunnel has been restored to running condition.

Several recalibrating tests were successfully accomplished. A re-
search effort for a force balance model design and the provision
of a solenoid coil was also completed. Now the wind tunnel has
passed a safety recerti� cation. A thorough system shakedown was
also accomplished before the plasma generator installation.

In Fig. 1 Mach-number distributions along the centerline of the
tunnel are given. The data were collected at the distance of 25.4–

254 mm from the nozzle exit plane at four measure stations. The
Mach-numberdistributionsat three stagnationpressures6.89 £ 102,
1.37 £ 103, and 2.68 £ 103 kPa are presented. The stagnation tem-
perature is maintained at a constant value of 610 K for all cases
studied. The maximum difference in deduced Mach numbers at all
measure conditions is less than 2%. The maximum scattering is
con� ned within the domain bounded by the nozzle exit plane to a
distance of 127 mm downstream. In essence, the axial � ow gradi-
ent is negligible, and the operational Mach number of this tunnel is
determined to be 5.80.

The available test core of the blowdown jet at the stagnation
pressure of 6.89 £ 102 kPa is depicted in Fig. 2. In general, the jet
corehasa nominaldiameterof 203.2mm, but the radialdimensionof
the jet is actually contractingby a factor of 1.13 from the nozzle exit
planeto a distanceof 254mm downstream.The most uniformMach-
numberdistributionis locatedat a distanceof 203.2mm downstream
of the nozzle exit plane. At this location the available jet core also
reduces to a diameter of 160.2 mm.
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Fig. 2 Mach-number distributions across tunnel walls.

Fig. 3 Comparison of bow-shock-wave structure of a hemispherical
blunt body at Mach 5.80.

As a calibration of the wind tunnel and an assessment of block-
age interference, schlieren photographs of bow shock waves over
a blockage model were collected at the four survey locations. The
hemispherical blockage model has a nose radius of 38.1 mm and
merged continuously to the cylindrical afterbody. The blockage
model is mounted on a retractablestem support in the testing cham-
ber. The � ow� eld of the test sectionwas also monitoredby the static
pressure gauge; no discernible blockage interference was detected.

Figure 3 presents a comparison of the schlieren photograph and
the density contours of calculated results. The numerical result is
generated on a (50 £ 40) mesh system under the identical experi-
mental stagnationcondition T0 = 610 K and P0 =6.889 £ 102 kPa.
The comparison of experimental and computational results shows

overall agreement of the entire � ow� eld. Both results show an es-
sentially normal shock wave at the stagnation region followed by
a rapid expansion around the shoulder of the blunt nose. Speci� -
cally, the standoff distance of the experimental observation agrees
well with calculationand correlateddata.16 The data yield a standoff
distance D / R =0.157 in comparison with the correlated value by
Ambrosio and Wortman (Ref. 16), D / R =0.153 and the calculated
value of D / R =0.146.

IV. Plasma Generation
Presently, the phenomena of nonequilibrium energy deposi-

tion,17,18 shock-wave dispersion, and bifurcation10,11,19,20 in a
plasma � eld have been identi� ed as the most uncertain science is-
sues. A more recent study by Josyula21 using the master equation
to evaluate the nonequilibrium vibration-translation transition has
shown that the energy deposition indeed can increase the standoff
distanceby lowering the density in the shock layer, but the Rankine–

Hugoniot condition is unaltered by the energy deposition process.
On the other hand, the effect of the electromagneticscan de� nitely
modify the Rankine–Hugoniotconditionacrossa shock.1,3 The gen-
eral normal shock relation for a plasma can be derived for a shock
wave parallel to the x coordinate. The jump condition of a normal
shock wave becomes19,20

[ q u] = 0

[p + q u2] =

Z
( Jy Bx ¡ Jz By) dx

[q uv] =

Z
( Jz Bx ¡ Jx Bz) dx

[q uw ] =

Z
( Jx By ¡ Jy Bx ) dx

[ q u H ] =

Z
J 2 / r dx

[Bx ] = 0

[Jy / r ¡ w Bx + uBx ] = 0

[Jx / r ¡ u By + v Bx ] = 0 (1)
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where H denotes the total enthalpy of the � ow, and the parameters
contained within the square brackets indicate the end states across
the shock wave. The preceding jump conditions will be reduced
to that derived by Sutton and Sherman3 if the plasma has a per-
fect electrical conductivityand the Hall current is negligible.Under
these conditions J =k(dBy / dx) ¡ j(dBz /dx) holds, and the resul-
tant jump conditions are obtained by a straightforward integration
with respect to x

[ q u] = 0

[p + q u2] = ¡
£¡

B2
y + B2

x

¢
| 2 l

¤

[q uv] = [Bx By ]

[q uw ] = [Bx Bz]

[ q u H ] =
£

¡ u
¡
B2

y + B2
x

¢
| 2 l + Bx (v By + w Bx ) / l

¤

[Bx ] = 0

[u Bx ¡ w Bx ] = 0

[v Bx ¡ uBy ] = 0 (2)

where l is the magneticpermeabilityof the plasma.The basic effect
of an electromagnetic� eld on a shock wave rests on two additional
entropy change mechanisms.19,20 One of them is the Joule heating,
which is positive and will contribute to an entropy increase across
the shock. On the other hand work can also be performed by the
electromagnetic forces on the moving gas particles. Depending on
the polarityof the inducedor applied electromagnetic� eld, the total
entropy for the open system can be reduced.19,20 As a direct conse-
quence of entropy reduction, the wave drag of the shock wave will
diminish.This physicalphenomenonmay be singledout by immers-
ing a bow shock wave in a plasma medium. For an electromagnetic
shock tube this controlled environment is easily achieved.5 For a
conventional wind tunnel generating a plasma � eld upstream of a
enveloping shock wave presents a serious challenge.

A critical choice in the present experimental effort is the appro-
priate mechanism to introduce plasma upstream of the enveloping
shock. A key concern also rests on the practical implementation to
� ight vehicles in the future. Two approaches are considered for the
drag-reductioninvestigation;one of which is the commonlyadopted
plasma injection.12 ¡ 15 In the injection process the plasma is intro-
duced to the � ow� eld by a counter� ow jet stream.The interactionof
the counter� ow jet with the freestream is much more complex than
recognized, but the plasma inclusion is also not straightforward.
Another approach is to study the effect of the Lorentz force on the
standoff distance of the bow shock wave. To meet this objective,
a fairly uniform plasma � eld must envelop the blunt body. An RF
plasma source is chosenover a dc discharge.22 In fact the RF plasma
generationis not treated as an antennaproblembut as a RF-carrying
electrode and ambient ground plane.23,24 Under this arrangement at
a given RF power setting and a ambient pressure, the RF signal
produces a plasma discharge between the electrode and a nearby
ground plane. It was discovered in our preliminary research that at
pressure range above 1 torr it was not possible to localize the dis-
chargebetween electrodesat an RF power level of 1 kW. Instead, the
discharge completely envelopes the surface of the signal-carrying
electrode, which is a desired feature for the present experiment.

Figure4 presentsthe glowdischargeover the hemisphericalcylin-
der in a vacuum chamber at an ambient pressure of 8 torr. Under
this test condition a nearly uniform and steady plasma sheath was
maintained over the entire surface of the hemispherical nose. The
plasma is generated at a frequency of 13.56 MHz corresponding to
a free-space wavelength of 22 m. In the vacuum chamber and after
the initial plasma ignition, the power required to sustain the plasma
generation is bracketed between 150 to 475 W. However in the test
sectionof the tunnel the power requirementis anticipatedto increase
as a result of the inelasticcollisionswith the oncomingair mixture at
a temperature of 78 K. Additional electronic density enhancements
have been accomplished by installed dc discharging diodes.

The present RF plasma generation process also has drawbacks.
First, the plasma generation process is inef� cient. Much of the RF
power dissipates as resistive heating on the surface of electrode;

Fig. 4 Glow discharge from an RF-signal-carrying electrode.

Fig. 5 RF breakdown of electrodes.

only a fraction of the power actually feeds the plasma generation
process. Second, the resistive heating of the electrode,which is the
blunt-bodymodel in the present application,will preventany mean-
ingful heat-transfer measurement on the model. Nevertheless, the
RF power requirement as determined in the vacuum chamber is
depicted in Fig. 5. In this � gure the power requirement for a loop
antenna is also included. The loop antenna generated a fairly uni-
form plasma at the 1 torr pressure with 100 W of RF input and a
re� ected power of less than 2%. These data re� ect the fact that the
13.56 MHz RF operating frequency is compatible with electron-
neutral collision frequencies from 10 to 100 MHz for maximum
energy transfer from RF to an electron. This collision frequency
regime corresponds to neutral pressure around 1 torr. It provides
an indication that the ef� ciency of energy conversion can be im-
proved by using a higher-frequencysource for plasma generationin
a higher-pressureenvironment.

V. Flow� eld Diagnostics
The understanding and quanti� cation of a shock in plasma will

require knowledge of some properties of the plasma and neutral air
mixture in the wind tunnel.25 Two criticalparameters for the present
experimentare the internal-degree-of-freedomgas temperaturesand
the electricalconductivityor, at least, the electrondensityof the self-
sustained plasma. In terms of the level of technical challenge, the
determination of transport properties of a plasma medium is more
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than equal to that of plasma generation. In addition to the unknown
thermally nonequilibrium state of the weakly ionized air mixture,
the measurementsof nonisotropicelectrondensity,magneticperme-
ability, and electric resistivity of the plasma medium are extremely
uncertain.17 ¡ 19

At present, four measuring methods are under consideration for
determining the electron density of the plasma. First, the direct
impedancemeasurementof theplasma� eldhasgivena globalorder-
of-magnitudeevaluation.Then themicrowaveinterferometry,Lang-
muir probe, and re� ectometry will be attempted. The preferenceof
using one technique over the other depends on the plasma genera-
tion method and the accessibility of a beam path from a microwave
transmitter to a receiver.11 In view of these available choices, the
electron density measurement technique is still presently under in-
tensive study.

The investigation of accuracy and reliability of gas temperature
measurement is derived from the rotational line shape � tting of N2

plasma, which involves plasma-induced emission from the second
positive electronic transition C3 P u to B3 P g (Ref. 25). Three differ-
entvibrationtransitionshavebeenmeasured to ensuremeasurement
accuracyand repeatability.The rotational temperaturesare obtained
from contour analyses of the spectra because the individual rota-
tional quantum state are not resolvable as a result of the complexity
of the spectra. In Fig. 6 the measured and calculated spectra are
shown for a 3 torr discharge.The plasma emission is measured with
a charge coupled device (CCD) detector array with a 400-ms time
constant.

In Fig. 7 the measured rotational temperatures are plotted as a
function of the discharge current for a N2 plasma at a pressure of

Fig. 6 Comparison of N2 lamp CCD camera image.

Fig. 7 Temperature vs discharge current (10 torr).

10 torr. The measurements are collected for three different vibra-
tional bands by the radially averaged emission. This plot also ex-
hibits the temperature estimates from the on-axis and the end-view
emission measurements.The � tted gas temperature revealed a data
scattering§40 K at the gas temperature of 800 K. The discrepancy
between the two sets of data are incurred by the radiation trapping
of the low J lines or of the low rotational quantum number. This
conclusion was also supported by the current dependent axial elec-
trical � eld measurement.The present resultsalso show that a careful
analysis of several vibrational bands along with a data � t for only
high J lines is needed. The gas temperature measurement accuracy
can be ensured by comparing plasma-induced emission of several
vibrationalmanifolds.

VI. Jet-Spike Bifurcation
Most experiments of wave drag reduction in a plasma � eld were

accomplished by injection.13 ¡ 15 Some intricate ideas of energy de-
position using nonintrusivemechanism were also put forward.26 A
common feature of these demonstrationswas hinged on the interac-
tion of the supersonicstreamwith the introduced� ow� eld perturba-
tion. As a consequenceof local � ow adjustment to the counter� ow
jet, a rather complex shock-wavesystem was formedand eventually
led to wave drag reduction. This mechanism of wave drag reduc-
tion was completely independentof the electromagnetic forces. All
sources of drag reduction resulting from plasma injection were not
well understood, and therefore a quanti� cation of the drag reduc-
tion contributedby each mechanisms was not possible. The present
investigation attempts to address mainly the issue of counter� ow
jet and its interaction with the bow shock. A preliminary testing
program is focused on the jet-spike bifurcation.

The wave drag reduction in aerodynamic applications by either
a spike or a jetspike on a blunt-nosedbody is well known.27 ¡ 30 The
wave drag reduction of the present investigationis derived from the
splitting of a single strong shock wave into multiple and sequential
shock waves. Even if the total pressure rise across the multiple and
sequentialshockwaves is identical to that of a singleshockwave, the
entropy jump across the multiple wave system is much less. This
difference is based on the fact that the entropy jump across each
shock wave is nonlinear and is proportional to the cubic power of
pressure jump. The spike-nosed blunt body enveloped by multiple
shocks will thus encounter lower wave drag. However, if the injec-
tion pressure range is lower than the bifurcation point, a unsteady
motion is oberved to induce large amplitude oscillations through
shock bifurcation.

According to experimental results of Malmuth et al.15 at the
Mach-number range from 2.0 to 4.0, the greatest drag reduction
occurred in the moderate long penetration mode.15 However, in the
present experiment at Mach number of 5.8, the maximum drag re-
duction is found at the shock bifurcationpoint. In the present work
no effort was placed on the optimization of the jet spike from the
blunt body to achieve the maximum wave drag reduction. At the
identical injection mass rate and stagnation pressure, the most ef-
fective way to reduce drag is observed by nozzle design to achieve
the maximum jet penetration. The potential gain from the jet-spike
optimization is demonstrated by the following comparison of two
different counter� ow jet streams.

Both injections were emitted from the stagnation point of a
blunt body with a hemispherical nose radius of 38.1 mm. At the
jet stagnation temperature of 294.4 K and stagnation pressure of
1.0295 £ 103 kPa, both the jets have the same amount of mass � ow
m =0.097 kg/s from the identicalsonic throat2.38 mm in diameter.
The ratio between tunnel and jet stagnationpressure is p j / po =1.5.
One of the models has a sonic exit with an axial velocity component
of 341 m/s. The schlieren photograph of this jet spike is depicted
in Fig. 8. The jet of the other model is generated by a slender coni-
cal nozzle with an area ratio of four between the exiting plane and
sonic throat Aexit / A ¤ = 4.0, and the jet exit Mach number is 2.94.
The schlieren photograph of the supersonic jet spike is given in
Fig. 9.

From Figs. 8 and 9 the basic features of the sonic and supersonic
counter� owing jets are similar. Both jets are terminated by a Mach
disk downstream of the bow shock wave. The jet stream stagnates
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Fig. 8 Shock formation of sonic jet spike.

Fig. 9 Shock-wave formation of a supersonic jet spike.

along the axis of symmetry producing a free stagnation point be-
tween the Mach disk and the bow shockand signi� cantly modifying
the envelopingbow shock wave. The jet then reverses its directionto
appear as a free shear layer and reattachesupstream to the shoulder
of the hemispherical cylinder. The reattachment process creates a
circumferentialstream de� ection from the blunt nose and induces a
ring shock. The main difference in � ow� eld structures between the
sonic and supersonicjet is the penetrationlength.Unfortunately,the
sonic jet model was not instrumented for aerodynamic force mea-
surement, thus no detailed comparison of wave drag reduction is
possible.

The unsteady � ow� elds of spike and jet spike of a blunt body
were noted a long time ago.27 ¡ 30 These self-sustained oscillations
have been observed for a wide variety of shear-layer impingement
phenomena.31 The highly organized oscillatory � uid motions are
sustainedby feedbackor upstreampressurepropagationthroughthe
subsonicfree shear layerandbyaselectivedisturbanceampli� cation
of the � uctuations through the shear layer. The spike-tipped buzz
phenomenoneven exhibitsaerodynamicbifurcationwhen the length
of the spike is extended or retracted from the blunt body to a critical
value.29,30 An identical aerodynamic bifurcation for the jet spike is
also detected.

The observed aerodynamic bifurcation is depicted in Fig. 10.
Six schlieren photographs are included at a tunnel stagnation con-
dition of T0 =610 K and P0 =6.889 £ 102 kPa. Each photograph

Fig. 10 Jet-spike shock bifurcation.

Fig. 11 Spectral data of drag measurements.

represents the six different jet stagnation pressure settings and is
identi� ed by the normalized value with respect to the tunnel stagna-
tion condition p j / p0. The � ow� eld becomes unsteady even at the
lowest injection pressure level of 0.148. As the jet stagnation pres-
sure increases, the length of jet penetration upstream increases ac-
cordingly.Because of the unsteady aerodynamicmotion, the image
of the jet induced shock wave in the schlieren photograph becomes
blurred by multiple exposures.Meanwhile the amplitudeof oscilla-
tory motion is also increased until it reaches the maximum around
p j / p0 = 0.7. At this point a bifurcation of shock-wave structure
takes place; further increase in jet stagnationpressure does not alter
the complex shock structure signi� cantly.

The spectral data of the oscillatory drag force sensor under the
testing conditionare presented in Fig. 11. For the preliminary inves-
tigation the spectral data were recordedup to 500 Hz. Only two typ-
ical data sets are included in the presentation,one of them describes
the oscillatory motion when the jet spike is near the bifurcation.
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Fig. 12 Drag measurements of jet-spike bifurcation.

At this changing dynamic state at least two dominant frequencies
around 100 and 440 Hz are easily detected. The standard deviation
of drag measurement at this critical state grows rapidly by a factor
of 11.72 relative to the no-injection condition.

In Fig. 12 the drag force measured by three prestressed load
cells at eight different jet stagnation conditions is given. The
� ow� eld is generated with stagnationconditionsof T0 =610 K and
P0 =6.889 £ 102 kPa. Three load cells were used to record the total
aerodynamicforce along the body axis. The force measuringmodel
is mounted on a model support strut in such a manner that only
the axial component of the aerodynamic force can be sampled. The
measured data contain solely the total axial force exerted on the
entire model, including the wave drag, skin-frictiondrag, base drag,
and the reverse thrust of the counter� ow jet.

A meaningful presentation of the drag data is accomplished by
plotting the drag ratio normalized by the measured drag force with-
out the jet spike—the baseline case. It is observed that even at the
lowest jet injection pressure the measured drag is lower than the
baseline case. The data indicate that the drag reduction caused by
shock-shapemodi� cationcompletelyoverwhelmsthe reversethrust
by the jet spike. The drag reduces to merely 34% of the baseline
case at the shock bifurcation. The drag ratio maintains at the level
of 70% of the baseline case for jet stagnation pressures as high as
2.25 times of the tunnel stagnation condition p j / p0 = 2.25.

The standarddeviationof the � uctuatingdrag measurementsalso
consistently reaf� rms the earlier observation that after the injection
pressure exceeds the critical value the jet-spike induced unsteadi-
ness diminishes. From the preliminary drag measurement a 30%
drag reduction is realizable by a jet spike at Mach number 6 for a
hemispherical blunt body.

VII. Conclusions
Progresshasbeenmade in theattempt to developa wind tunnelfor

magnetoaerodynamicexperiments.The probe survey of the Mach 6
tunnelexhibitsa repeatableperformancewithin a 2% data scattering
band. Plasma generation via an RF electrode at 13.56 MHz shows
promise in generating a fairly uniform plasma � eld adjacent to the
blunt-bodymodel. The rotational emission spectra � tting technique
for gas temperature measurement demonstrate an accuracy of 5%.

The preliminaryjet-spikebifurcationexperimentrevealsa critical
state for steady� uid motion.The controlparameter is the stagnation
pressure ratio between the oncoming stream and the counter� ow
jet. When the counter�ow jet is generated by a suf� ciently high
stagnation pressure, a steady motion can be maintained.

The drag reduction for a blunt body generated by a cold coun-
ter� ow jet in steady � ow � eld reaches an asymptote of 30% of the
blunt-body � ow without injection. The drag reduction near the bi-
furcation has a value as high as 68.9%. The present � nding suggests
a rigorous reexaminationof drag reductionproceduresusing energy
deposition techniques.
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