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Plasma Injection for Hypersonic Blunt-Body Drag Reduction
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U.S. Air Force Research Laboratory, Wright–Patterson Air Force Base, Ohio 45433-7913

The summary of combined experimental and computational investigations is presented for the plasma injection
from a hypersonic blunt body for drag reduction. The systematic pursuit addresses all speculated mechanisms that
can generate favorable magnetoaerodynamicinteractions: the counter� ow jet shock aerodynamic interaction, the
nonequilibrium thermodynamic and chemical phenomenon, and the electromagnetic–aerodynamic interaction.
The computational study was carried out by solving both the three-dimensional and the axisymmetric, mass-
averaged, Navier–Stokes equations for counter� ow jet interaction. The experimental investigation of the plasma
injection was conducted in a nominal Mach 6 open jet, blowdown tunnel. The weakly ionized, counter� ow jet
generated by a plasma torch has a vibrational temperature of 4400 K, an electron temperature around 20,000 K,
and electron number density greater than 3 £ £ 1012/cm3 . It is found that the drag reduction is mostly derived from
the viscous– inviscid interaction of the counter� ow jet and thermal energy deposition. The nonequilibrium and the
electromagnetic effect by an applied magnetic � eld are negligible.

Nomenclature
B = magnetic � ux density
D = total drag
E = electrical � eld strength
J = electric current density
p = pressure
R = radius of hemispheric nose
S = interaction parameter, ¾ B2 Rz=½u
T = temperature
U = conservativevariables
½ = air density
¾ = electrical conductivity

I. Introduction

E LECTROMAGNETIC force shows promise in being the long-
sought-after mechanism for improving the aerodynamic per-

formance of aerospacevehicles.1¡3 The most effectiveperformance
improvementusingelectromagnetismhasbeendemonstratedvia the
modi� ed Rankine–Hugoniot condition across a shock. In that, the
Jouleheatingand the workdoneby theLorentzforceon gasparticles
havebeen shown to be additionalentropyalterationmechanisms.4¡6

However, the possibility of reducing entropy jump and, thus, the
wave drag, depends on the strength and polarity of an applied mag-
netic � eld, the electrical conductivityof the � uid medium, and the
interaction of the aerodynamicand electromagnetic force. For � ow
control over the entire range of � ight, the nonintrusive electromag-
netic force is the most cost effective when applied at the onset of
any convectiveinstability,where the requiredelectromagneticforce
is minuscule. However, there is a prerequisite for this force in aero-
dynamic applications. The � ow medium must be electrically con-
ducting. In a hypersonic stream, the air frequently attains a weakly
ionized state in the shock layer, but not upstream of the shock.
Hence, the desired interaction may not be achievable by applying
an electromagnetic � eld. Nevertheless, the relative importance of
aerodynamicand electromagneticforce is measuredby the magnetic
interactionparameter,S D ¾ B2 L=½u (Ref. 1). The appliedmagnetic
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� eld strength B and the electricalconductivityof the weakly ionized
air ¾ dominate the interaction.

The � rst signi� cant magnetoaerodynamic interacting phe-
nomenon was demonstrated by the pioneering work of Ziemer.7

He has shown the shock standoff distance over a blunt body in-
creased drastically,by a factor of 7.5 for an interactionparameter of
69. In his experimental effort, the aerodynamic force was not mea-
sured. However, earlier theoretical studies by Bush8 and Meyer9

have shown that the interaction of the electrically conducting � uid
with an applied magnetic � eld can produce appreciable changes of
surface heat transfer in plasma streams.

A group of experiments using plasma injection from the stagna-
tion region of a blunt body reported an astonishing amount of drag
reduction.10¡12 Although the applied magnetic � eld was conspicu-
ouslyabsent from these experiments,the counter� ow jet interaction,
electromagnetic forces, and nonequilibrium thermodynamics were
postulated as possible key contributing mechanisms for aerody-
namic drag reduction via plasma injection. In more recent research
efforts by Shang et al.,13;14 a major portion of the observed wave
drag reduction was shown to be the consequenceof the counter� ow
jet and bow shock interaction.The drag reductionof the counter� ow
jet and shock interaction is realized by altering a single bow shock
to a multiple-shock structure. The shock bifurcation phenomenon
was also discoveredby the experimental study of the jet spike.13 At
the lower injection mass � ow rate, the modi� ed shock envelope is
generallyconical, and the � ow� eld is in a self-sustainedoscillatory
motion.13¡16 At higher injection rates, the displaced shock actually
retracts back from the conical to a blunt formation and returns to
steady state.13;14

Becauseplasmainjectioninvolvedweaklyionizedgas, theplasma
is generallynot in a chemical and thermodynamicequilibriumstate.
It is natural to speculate that the nonequilibrium thermodynamics
may contribute to the drag reduction mechanism. Research in hy-
personic � ow indicates that the dissociated or ionized gas in the
shock layer of a blunt body has signi� cant in� uence on heat trans-
fer, through the recombination of radicals, to deposit the heat of
formation at the body surface, but not the wave drag.17;18 Again, for
conventionalhypersonic � ows over a blunt body, the dissociatedor
ionized gas is generated by the bow shock compression.Therefore,
the plasma only existsdownstreamof the bow shock. If a microwave
or electron beam energy deposition process is used, the ionized gas
will then be presentupstream of the bow shock. Then the possibility
of nonequilibriumthermodynamic phenomenon for drag reduction
may be derived from the modi� ed Rankine–Hugoniot jump condi-
tion. Recently, Josyula used master equations to investigate the ki-
netic depletion rate between and within vibrational internal degrees
of freedomin nonequilibriumhypersonicblunt-body� ows.18 In his
computations, the nonequilibrium� ow is imposed as the upstream
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boundary condition. For a given range of freestream translational
and vibrational temperatures, computational results show that the
nonequilibriumthermodynamicconditionhasan insigni� canteffect
on the Rankine–Hugoniot jump condition across shock waves.

The blunt body in hypersonic, weakly ionized air with an ap-
pliedelectromagnetic� eldconstitutesthe truemagnetoaerodynamic
phenomenon.1;7 In the earlier and the present experimentalarrange-
ment, the applied magnetic � eld is generated either by a coaxial
pulsed magnet coil or permanent magnets in the blunt body.5;6;14

The polarity of the applied magnetic � eld, thus, is aligned closest
with the axis of the blunt body instead of a transverse � eld. There-
fore, the drag of the blunt body shall remain nearly unaltered for a
weak applied or induced electromagnetic � eld. The present effort
attempts to verify this point and to quantify, if possible, the varia-
tion of the drag on the blunt body in conjunction with the magnetic
interaction parameter S.

The presentinvestigationconcentrateson theunderstandingof the
counter� ow plasma injection in hypersonic stream. A side-by-side
experimental and computational approach will focus on plasma in-
jection from a hemisphericalcylinder at a freestreamMach number
of 5.8. Experimental measurements include schlieren photographs,
axial aerodynamicforce componentmeasurements,and the spectral
data of aerodynamic load sensors under tested conditions. The nu-
merical simulations are obtained by solving the three-dimensional
and axisymmetric, compressibleNavier–Stokes equations based on
the unstructuredgrid technique.The calculationsare focusedon the
stagnation region, and only turbulent solutions by a one-equation
closure model are generated. The detailed � ow structure within the
displacedshock layerwill be investigatedby comparing the numeri-
cal results with experimental observations.The transportproperties
of the plasma � eld will also be described in detail.

II. Experimental Facility
The counter�ow plasma jet is tested in a blowdown, open-jet,

high-Reynolds-numberwind tunnel.This wind tunnelwas designed
to simulate � ows at a nominalMach numberof 6.0, at the stagnation
temperature of 610 K (1100±R) and a range of stagnation pressures
from 3:44 £ 102 to 1:40 £ 104 kPa (50 to 2000 psi). The mass � ow
rate of the experiment spans a range from 0.77 to 4.63 kg/s. The
blunt-body model is a hemispherical cylinder that has a nose ra-
dius and a total length of 38.1 and 203.2 mm (1.5 and 8.0 in.),
respectively.

The model for plasma injection was � tted with a conical noz-
zle to accommodate the plasma torch. To be compatible with the
energy input to the air supply of the torch, three nozzleswith differ-
ent throat diameters were used for the experiment: d D 0:76, 1.56,
and 2.44 mm. However, the plasma injection data were collected
only from the nozzle with the smallest diameter. This 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 tem-
perature of 294 K (529 R), respectively, the calculated mass � ow
rate is 0.52 g/s (0.0011 lbm/s). For the plasma torch experiment,
the stagnation pressure input to the torch has an operational range
from 482.6 to 965.2 kPa (70 to 140 psia). The range of mass � ow
rate is below the critical point of the counter� ow jet bifurcation for
this nozzle. Therefore, the plasma torch experiments were tested
exclusively in the unsteady � ow regime.13;14

In the present investigation, the tunnel is operated at the lowest
freestream density of 0.0118 kg/m3 (0.00074 lbm/ft3), which still
yields a mass � ow rate of 0.77 kg/s and the freestream pressure of
2 torr. To circumvent the condensationof the air in the test section,
the stagnationtemperatureis maintainedat a constantvalueof 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 £ 104/m (1:38 £ 106/ft). Additional information of the testing
environment can be found in Refs. 13 and 14.

For the plasma injection, the counter� ow 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. Figure 1 shows a
composite picture of the model in the testing condition. The top
half of Fig. 1 consists of the video image of the plasma torch in

Fig. 1 Force measuring model.

operation, the lower half of the composite is the schlieren of the
same test. Overlaid on top of these two images is the sketch of the
plasma torch.The model supportand installationof the loadcells are
straightforward;therefore,theyarenot includedin Fig. 1. In essence,
the test model is isolated from the tunnel support strut by these load
cells to receive the total axial aerodynamic force exerted on the
model. To completely describe the plasma injection phenomenon,
the thermodynamic properties of the plasma are collected by an
emission spectrometer for gas temperature, and a double langmuir
probe for electron density and electron temperature.

A plasma cutting torch from Thermadyne supplies the ionized
air for the counter� ow jet. This torch consists of two basic units:
the PAK Master 50XL power supply and the PCH/M-28 torch. The
maximum rated output from this plasma torch is 35 A, with an ac
input single-phasevoltage of 208. However, in the present applica-
tion, the unit is strictly operatingin the startingmode. Therefore, the
power output is far belowthe ratedvalue.The arc startingcircuit 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 ori� ce
in the torch tip with a swirling velocity component. The plasma is
further expanded by a conical nozzle built in the model. The plasma
jet exits the nozzle at a Mach number of 3.28 if a sonic condition
prevails at its throat and the nozzle � ows full.

The aerodynamic force was measured by load cells and later ver-
i� ed by a strain gauge. For most experiments, three load cells were
used to recordthe totalaerodynamicforcealongthebodyaxis.These
load cells, or quartz-force rings (ICP Model 201B03) have a max-
imum compression range of 11.1 kN and a sensitivity of 44.4 N.
The force data recorded by these cells was a prestressed load of
2.2 kN necessary to operate in the linear measuring range. To mini-
mize the electrical signal interference for the magnetoaerodynamic
experiment, the force measurement was validated by a strain gauge
through a pivot hinge at the base of the model support. Data col-
lected by both measuring devices showed close agreement. By this
arrangement, the total axial force exerted on the entire model, in-
cluding the wave drag, skin-frictiondrag, base drag, and the reverse
thrust of the counter� ow jet is obtained.

III. Numerical Analysis
An experimental, computational side-by-side investigation is es-

sential for studying the complex self-sustained � uid motion high-
lighted by a jet spike shock bifurcation.The detailed dynamic event
of the counter�ow jet and its associatedmultiple shock wave struc-
ture can only be obtained by solving the time-dependent, three-
dimensional, and axisymmetrical Navier–Stokes equations. The
system of governing equations is solved by an implicit, unstruc-
tured Euler/Navier–Stokes solver for perfect gas called Cobalt.19

The numerical algorithm is based on the Godunov’s Riemann for-
mulation and implicit time stepping to yield second-order spatial
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and temporal accuracy.20 The numerical procedure is developed for
a cell-centered,� nitevolumeapproachand is able to accommodatea
single-gridsystemthat may consistof a varietyof cell types, tetrahe-
dron and hexahedron,in three-dimensionalspace.The neighbor-cell
connectivity of an unstructured gird formulation also enhances an
exceptionally scalable, parallel computing performance when this
numerical procedure is ported to multicomputers using a message
passing interface (MPI) library.21

The governing equations are discretized by the fully implicit
numerical scheme as

[3.Un C 1 ¡ Un/ ¡ .Un ¡ Un ¡ 1/]=21t C r ¢ F D 0 (1)

where U are the conservative independent variables U (½ , ½u, ½v,
p) and F are the � ux vectors of the Navier–Stokes equations. The
reconstructionof the � ux vectors at the centroid of the cell faces is
by a least-square solution to the following approximation:

Ui § 1
2

D Ui § Nr ¢ rUi (2)

whereUi § 1=2 are the reconstructedleft and rightsideof the variables
at the cell interface and rUi is the gradient vector for the cell i .

In the present application, the no-slip velocity components and
adiabatic temperature conditions are imposed on the blunt-body
surface. For the plasma torch, the sonic throat is prescribed as the
entrance boundary for the conical nozzles in the computational do-
main. The unperturbed freestream condition is speci� ed at the up-
stream boundary and the no-re� ection condition downstream for
the far � eld. Turbulent closure is achieved by the Spalart–Allmaras
one-equationmodel.22

The numerical accuracy is assessed by generating four consecu-
tive solutionson increasinglyre� ned grids. For the shock-dominant
problem, the error criterion for evaluation is the shock de� nition
and the standoff distance. At a freestream Mach number of 5.8 and
a Reynolds number based on nose diameter of 3:45792£ 105 the
axisymmetrical � ow� eld around the hemispherical cylinder is cal-
culatedon four differentgrid systems that consistof 12,699;23,724;
37,395; and 68,248 cells. For three-dimensionalcalculations, three
grid systems of 185,484; 256,824; and 303,804 cells are used. Sim-
ilar numerical accuracy assessments also performed for all other
nozzles used.

In Fig. 2, the pressuredistributionsin the supercriticalstate of the
d D 2:44 mm nozzle are presented.The numerical resultsdepict the
change along the axis of symmetry from the undisturbedfreestream
toward the blunt body. These pressure distributionsreveal the rapid
compression and expansion process at the bow shock and the for-
ward motion terminating Mach disk. The pressure distributionalso
shows the � nal and continuous expansion from the counter�ow jet
exit into the shock layer. The numerical results are essentially grid
independentafter the third grid re� nement.The calculatedand mea-
sured standoff distances without injection compare very well with
the correlated data by Ambrosio and Wortman.23 The normalized
valuesby thenoseradiusare1=R D 0:155and0.157,respectively.13

Fig. 2 Grid resolution for shock resolution.

For the � nest mesh system, the average law-of-the-wall variable yC

is around unity. The � nest grid distribution is adopted for the rest of
the present computations.

IV. Accuracy Assessment
The uncertaintyin experimentaldata arisesmostly from measure-

ments of drag using load cells and the thermodynamicpropertiesof
the plasma. These piezoelectric quartz sensors have built-in micro-
electronic ampli� ers, which convert the high-impedance electro-
static charge from the crystals into a low-impedancevoltage output.
Therefore, it is most effective for measuring a dynamic event. In
the present investigation, the testing sequence is designed to take
advantage of this feature. Efforts have been made to maintain an
isolatedenvironmentfor the sensors from electromagneticand ther-
mal interferences.From the large sets of data, includingcontinuous
data sweeps and discrete measurements, the data scattering band
is less than 1.7%. However, the major portion of the data discrep-
ancy 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 thermody-
namic state and transport property of the plasma. A major cause of
concernis that the oscillating� ow� eld is self-sustained,which is the
consequence of the closed feedback loop of the Mach disk and the
free shear layer over the recirculatingzone.13 A point measurement
in space, such as the langmuir probe, will collect the � uctuating
information with a large temporal data scattering band. Although
the internal energy partition among different quanta of the vibra-
tional mode is uncertain, the average vibrational temperature of the
plasma is determined to be 4400§ 400 K. 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 dependent on the location relative to the plasma
plume, yielded a value of 3 £ 1012/cm3 or higher. Therefore, it is
unrealistic to assume the plasma torch is in a state of thermody-
namic equilibrium.14 In spite of that, the nonequilibrium chemical
kinetic effects to � ow can still be small in view of the extremely
low concentration of ionized components in the plasma jet, which
appear only as trace elements (10¡5–10¡10 ) (Refs. 5 and 6).

For a shock-dominant problem, the criterion of numerical
error evaluation is the shock de� nition and its standoff distance.
In essence, the captured shock region is only � rst-order accurate for
all approximate Riemann formulations. The computational error is
assessed by generating solutions on consecutivelyre� ned grids im-
mediately adjacent to the shock. The grid re� nement was focused
on the anticipated bow shock location. The calculated shock stand-
off distances,de� ned by the sonic point of the captured shock, were
essentiallygrid independentafter the thirdgrid re� nement.The iden-
tical process was also applied to nozzle con� gurations of smaller
throat diameters.

V. Counter� ow Jet/Shock Interaction
The spike tip or the jet spike on a blunt body has been used for

wave drag reduction in aerodynamic applications.15;16;24¡26 Both
� ow� eldshave two distinctdynamicstates,steadyor oscillatory.For
spike-tippedblunt bodies at a given Mach number, the ratio of spike
length to the blunt-body diameter dictates whether an oscillatory
motion can exist.26 Similar behavior has also been observed for the
jet spike or the counter� ow jet � ow when the injection pressure is
varying in regards to a critical value.13 These oscillatory � ow� elds
have a common feature in a feedbackloop structureof self-sustained
oscillation associated with the free shear layer and shock wave.

In Fig. 3, the computed instantaneous streamline of a counter-
� ow jet that issues from the stagnationpoint of a blunt body is pre-
sented. The numerical result is obtained for the jet stagnation pres-
sure and temperature of 965.3 kPa (140 psi) and 294.4 K (530±R),
respectively.The nozzle has a throat diameter of 0.76 mm. The exit
Mach number of 3.28 leading into the hypersonic stream is gener-
ated by a wind-tunnel stagnation pressure of 344.9 kPa. Under this
circumstance, the injection stagnation pressure is below the critical
value for the counter� ow jet/shock interaction;the � ow� eld is oscil-
latory. Nevertheless, it is easy to observe that the � ow� eld consists
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Fig. 3 Instantaneous streamlines of a counter� ow jet.

of the rapidly expandingcounter� ow jet issuing from the stagnation
region and reversing its direction downstream by the Mach disk as
a free shear layer. A part of the shear layer is entrained to form a
toroidal recirculation zone beneath the dividing stream surface. A
secondary separated � ow structure can also be detected at the jet
exit. Meanwhile, the rest of the free shear layer streams over the
recirculation zone downstream. For the simulation condition, the
� ow� eld bounded by the Mach disk and the recirculation zone is
subsonic. Therefore, the pressure pulses can propagate freely from
the recirculation zone upstream to the Mach disk to form a closed
feedback loop. Finally, as the free shear layer reattaches to the blunt
body, it induces a series of compression waves coalescing into a
reattachment ring shock. The counter� ow jet interaction replaces
the single bow shock over a blunt body by a triple-shock structure.
In spite of the additional reverse thrust by the counter� ow jet, the
reduced wave drag from the multiple shocks is still overwhelm-
ing. This shock structuremodi� cation by the inviscid–viscous aero-
dynamic interaction is the principal mechanism for wave drag
reduction.

The shock bifurcationof the counter� ow jet has been discovered
recently.5;13 At the bifurcation point between steady and unsteady
states, the drag also attains its minimum value. In essence, the bifur-
cation is the consequence of breakdown of the subsonic feedback
loop between the Mach disk and the unstablefree shear layer. As the
jet injection rate increases,the subsonicregion connectingthe Mach
disk and the free shear layer diminishes in size. At the bifurcation
point, a portion of the counter� ow, the supersonic jet, diverts from
the Mach disk, effectively cutting off the upstream signal propaga-
tion from the free shear layer. Then oscillatory motion ceases.13

The substantiationof the counter�ow jet/shock bifurcationis eas-
ily observed from spectral data of the oscillatory drag force sensor
given in Fig. 4. The data are collected for the nozzle with a throat
diameter of 2.4 mm, and the tunnel is operated at a stagnationpres-
sure of 689.47 kPa. Only two typical data over the entire bifurcation
range are included, one of the them describes the subcritical state
(Pj D 50 psia) where the oscillatorymotion is sustained. In the sub-
critical state, at least two dominant discrete frequencies of 100 and
440 Hz are clearly revealed. Beyond the bifurcationpoint, the � ow-
� eld is nearly steady, or is as steady, as the condition for which the
counterjet is shut off. The spectrum data for a supercritical state
(Pj D 150 psia) are superimposed in Fig. 4. For the data recording
range up to 500 Hz, the standarddeviationof drag measurementbe-
tween critical states is re� ected by a factor of 11.72 decrease from
the subcritical to supercritical state.

In Fig. 5, the counter� ow jet/shock bifurcations and the drag
reductions for a single conical nozzle at different wind-tunnel

Fig. 4 Spectral data of drag measurements.

Fig. 5 Effect of exit pressure to counter� ow jet drag data.

stagnationconditionsare given.The counter�ow nozzle has a throat
diameter of 2.44 mm and a designedexit Mach number of 2.86.The
stagnation temperature of the counter� ow jet is maintained at a
constant value of 294 K (530±R). At the four different tunnel stag-
nation pressures, the normalized total drag with respect to the value
without injection (D=D0) decreases continuously as the injecting
stagnationpressureis increased.The drag reductionreachesits max-
imum at the bifurcationpoint. The overall maximum drag reduction
is achieved at the lowest tunnel stagnation pressure of 342.4 kPa.
Because the injection mass � ow rate is a constant for the identi-
cal nozzle at a given stagnation condition of the jet, the difference
between different tunnel stagnationpressures only re� ects the � nal
Mach number of the counter� ow jet. Therefore, these sets of data
revealed the dependence of drag reduction to the maximum coun-
ter� ow Mach numbers.13;16 The critical point of bifurcation is also
clearly affected by this Mach number. In short, the higher exiting
counter� ow Mach number leads to a lower critical point injecting
pressure for bifurcation and a greater amount of drag reduction.
From all of the conditions tested, the drag reduction by the room-
temperature air injection spans a range greater than 34.02–44.40%
at the tunnel stagnation pressures of 2054 and 432.4 kPa (300 and
50 psia), respectively.

Numerical results duplicating the experimental conditions of the
d D 2:44 mm nozzle are depicted in Fig. 6, at the tunnel stagnation
pressures of 432.4 and 684.8 kPa (50 and 100 psia) and stagnation
temperatureof 1100 R. Both three-dimensionaland axisymmetrical
computationswere carried out to determine whether the bifurcation
is uniquely associated with three-dimensional dynamic motions.
In short, both the three-dimensional and axisymmetrical computa-
tions reproduced the shock bifurcation.13;14;24 Therefore, it is not
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Fig. 6 Comparison of drag computations and data.

Fig. 7 Drag reduction from different conical nozzles.

necessary to have an additional transverse degree of freedom for a
change of dynamic states in longitudinalorientation.Computations
also correctlyrecover the oscillatory� ow structurefor all subcritical
cases.All calculateddrags for these cases revealeda scatteringband
in subcritical state that is absent or substantiallyreduced for the su-
percritical cases studied. Numerical results, however, consistently
underpredictthe drag over theentire rangeof injectingpressure.The
drag computations for the tunnel stagnation pressure at 432.4 kPa
yieldsa greaterdiscrepancyof 6.1%, in contrastto 2.7%for the cases
where the tunnel stagnation pressure is 684.8 kPa. Again, both cal-
culationsunderpredictthe critical value of Pj=Po by approximately
11%. Because the present Navier–Stokes solutions did not include
the based drag, this missing informationwas derived from the based
pressure measurements.5;13;14 The correction enters the calculated
drag as a constant component and is one of the sources of discrep-
ancy. Another source of error may be attributed to the turbulent
closure.

Three different conical nozzles were used for the counter� ow
jet experiment. At a given constant tunnel and injecting stagnation
pressure, the mass � ow rate varies by a factor of 10.24 from the
smallest to the largest nozzle throat diameter. The exiting Mach
numbers vary in the design range from 2.86 to 3.28. Therefore, the
major difference in drag reduction is the consequence of different
injectionmass � ow rates and the chemical compositionof the injec-
tant. These drag reduction data are given in Fig. 7. From Fig. 7, it
can be easily detected that the mass � ow rate is a major contributing
factor for the drag reductionvia counter� ow jet. The lower injecting
mass � ow rates not only lead to a lower value for the drag reduc-
tion, but also defer the critical point of the injecting pressure of
bifurcation.

VI. Properties of Air Plasma
Initially, the rotational temperature of air plasma was attempted

by the opticalemission from the secondpositiveelectronictransition
C35u *) B35g of molecular nitrogen.27¡29 However, the nitrogen
C–B spectra were obscuredby emission from other species, such as
the molecular oxygen, nitric oxide, as well as vapors of copper and
iron.Nevertheless,the originband (0, 0) of the ionizednitrogen,NC

2 ,
C25C

u
*) X25C

g appears as a prominent feature in the plasma torch
emission spectrum. A composite spectrum of the plasma torch in
the 3400–4400 ÊA wavelength range was obtainable.24 The average
vibrational temperature, determined from the Boltzmann plot and
a blackbody modeling is 4400§ 400 K (7920§ 720±R), which is
comparable to that reported by Ganiev et al.10 and Malmuth et al.12

At the plasma vibrational temperature around 4400 K and maxi-
mum static pressure within the shock layer of 10.5 kPa (78.9 torr),
the plasma chemical composition in the equilibrium condition can
be determined from numerousdata.30 Although the plasma counter-
� ow jet is understood to be in a thermodynamicallynonequilibrium
state, the chemicalcompositionand internalenergypartitioncan not
be predictedwith certainty.However, it is reasonableto assume that
the vibrational temperature is in thermal equilibriumwith the trans-
lational and rotational degrees of freedom, but not necessarily with
electron temperature.3;5 The mass fractions of molecular nitrogen
and nitric oxide are 0.68 (N2 ) and 0.05 (NO), respectively.The oxy-
gen molecules are nearly all dissociated to yield a mass fraction of
atomic oxygen around 0.26 (O). The components of NOC , OC , NC

2 ,
and NC are on the order of magnitude from 10¡5 to 10¡10. These
low mass fractions are essentially trace elements.

The electron density and temperature of the plasma � eld around
the torchand themagnetoaerodynamicexperimentof the blunt body
are measured by a double langmuir probe.31;32 The probe is con-
structed from 0.5-mm platinum wire. The electricalpotential is pro-
vided by a §100-V Kepco bipolar power supply. To determine the
entirecurrent–voltagecharacteristic,electricalcurrentmeasurement
in the microampere range is essential. For that purpose, the resis-
tor in the circuit can vary from 1030 to 11,305 Ä (Ref. 32). The
langmuir probe has a double hole ceramic sleeve, a wire separation
distance of 1.0 mm, and the sensing area of each probe is 2.1 mm2.
Although the platinum wire has a high resistance to 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
(70 psi). In general, the electron number density, electrical conduc-
tivity, electron temperature, and electrical � eld strength attain the
maximum value in the plasma plume. This observationcan be made
easily by examining the electron number density and electron tem-
peraturedistributionsalong theaxialdistanceof the cylindricalpolar
coordinates r , µ , and z. Figure 8 displays the electron number den-
sity from the body surface to the bow shock along the axial co-
ordinate z at the � xed radial distance r D 0:76 cm. This radial

Fig. 8 Electron number density distribution; r = 0:76 cm.
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location is also the minimum separationdistancebetween the probe
and the center of the plasma torch, so that the ceramic sleeve will
not be thermally shattered by the plume.

Based on numerical results, the local temperature is around
3600 K (2000±R) (Refs. 13 and 14). The data were sampled from a
distance as close as 0.1 cm from the nose capsule to a point beyond
the detached bow shock. Because the � ow� eld is in the subcritical
state of shock bifurcation, the measurements exhibit a very wide
temporal scattering band. The data scattering also decays rapidly
from the plasma plume and then slowly dissipates downstream. In
spite of the large data scattering due the unsteady � uid motion, the
averaged electron number density has a value around 5 £ 1012/cm3,
which is the highest value recorded. The bow shock location along
the constant radial distance can be detected by a sharp drop of the
electronnumber density.The bow shock also exhibits an oscillatory
rangefrom2.12 to 2.46cmfromthe bluntbody.The electronnumber
density upstream of the shock is less than 1010 , which is beyond the
validatedmeasurement range of the present double langmuir probe.

The electron temperature distributions at the identical locations
are presented in Fig. 9. Again the data scatteringband is the greatest
among all measurements by the langmuir probe. Although along
the constant radial array the calculated translational temperature is
changingrapidly, the electron temperaturealong this array is nearly
constant to yield an average value slightly higher than 20,000 K.
This observation indicates a weak coupling between high-energy
charged particles and the thermal and vibrationalmodes of the neu-
tral.At the shock,the electrontemperaturedips drasticallyacrossthe
wave front. This behavior seems to indicate that the heavy charged
particles of plasma are unable to propagate through the extremely
high gradient region. Again, the data also revealed a bow shock
oscillation from 2.12 to 2.46 cm from the blunt body.

Fig. 9 Electron temperature distribution; r = 0:76 cm.

Fig. 10 Electron number density distribution; r = 1:52 cm.

Typical electronnumberdensity,electricalconductivity,and elec-
tron temperature distributions are presented in Figs. 10–13. These
data are collected along the axial coordinate z at a constant radial
distance r D 1:53 cm from the axis of the model. The distributions
are collected from the blunt body to a location beyond the envelop-
ing bow shock. In Fig. 10, the electron number density distribution
across the shock layer is depicted.The measured number density of
electrons � uctuates around the value of 2 £ 1012/cm3 . The number
density increasesslightlyapproachingthe bow shockand then drops
drastically across the shock. In this regard, the shock wave is acting
like a barrier in preventing heavy charged particles from escaping

Fig. 11 Electrical conductivity distribution; r = 1:52 cm.

Fig. 12 Electron temperature distribution; r = 1:52 cm.

Fig. 13 Electrical potential distribution; r = 1:52 cm.
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the shock envelope.One would expect that charge separationwould
take place across the shock front like that in the region of electrodes.
However, the present measurement does not have suf� cient resolu-
tion to allow a de� nitive conclusion to be drawn. The electrical
conductivity distribution along the same trace exhibits the nearly
identical behavior as that of the electron number density in Fig. 11.
This behavior is anticipated because the electrical conductivity ¾
is linearly proportional to the electron number density and electron
mobility.31 For the present experiment, the electrical conductivity
yields an average value of 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 electrontemperaturedistributionof plasma in the shock layer
is presented in Fig. 12.The statisticalaveragevalueacross the shock
layer in the constant radial array is 20,000 K (36,000±R). Beyond
the bow shock envelope,the electron temperatureof the plasma falls
below the value that can be measured with any certainty. In spite
of the extremely low concentration of ions such as NOC , OC

2 , NC
2 ,

and NC , this measurement clearly shows that the plasma � eld is not
in the state of thermal equilibrium. Finally, the electrical potential
of the plasma torch along the same constant radial distance from
the axis is depicted in Fig. 13, and the overall measured potential is
con� ned within the band of §30 V/cm. At the shock front, the elec-
tricalpotentialrevealspredominantnegativevaluesin contrast to the
rest of the � eld in the shock layer. It may be viewed as additional
evidence of charge separation.

VII. 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 stagnationpressureof the air supply spans a narrow
range from 482.6 to 965.3 kPa (70 to 140 psi). In this injection
pressure range, the � ow is in the subcritical bifurcation state and is
characterizedby oscillatory motion.

In the present data collectionprocess, the drag measuring proce-
dure starts with room-temperature air injection. The plasma is then
introduced by igniting the torch and is sustained for a duration of
15 s. The piezoelectric force sensors have yielded consistent output
immediately after the transient electromagneticpulse has subsided.
The individual drag measurement of the room-temperature air in-
jection registersa value close to the values from the data sweep. The
measured drags rise when the plasma is ignited. According to the
present and earlier computational analyses of a comparable simu-
lation, this behavior is mostly due to reduced mass injection � ow
rate.14;29 There is little doubt that the plasma injection has produced
a greater drag reduction than the room-temperature air injection at
the identicalmass � ow rate. However, the additionaldrag reduction
is derived from thermal energy deposition.

The composite schlieren photograph at four different stagnation
pressuresof the plasma injection is presented in Fig. 14. 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). In thesepre-
sentations, the schlierenphotographsin Figs. 14a and 14b represent
the lower and higher injecting stagnation pressures, respectively.
In the composite photographs, the upper images are results of room
temperature injection and the corresponding lower images record
the results of plasma injection. Two major features of the plasma
injection in contrast to the room-temperature counter� ow 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 � ow
rate by the elevated plasma temperature.13;14 The mass � ow rate of
the nozzle is linearly proportional to the stagnation pressure and
inversely proportional to the square root of the stagnation tempera-
ture Pm » .po=

p
To/ j . Under the present testing condition, the mass

� ow 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 signi� cantly subdued.However,
the basic oscillatory behavior of � ow� elds between two different

a) Pj = 582 and 689 kPa (70 and 100 psi)

b) Pj = 827 and 965 kPa (120 and 140 psi)

Fig. 14 Schlieren photographs of plasma injection.

injectants is similar, and the most predominant oscillatory mode
occurs at 100 Hz. Over the frequency range from 500 to 2500 Hz,
the oscillatory amplitude of the plasma injection is roughly 10 dB
lower than the room-temperatureair counterpart.14;24 This behavior
is dramatic on the video recording, and the same observation can
also be made from the blurred photographic images of the room-
temperature injection to the sharply de� ned shock structure by the
plasma injection. At the lowest plasma injection pressure (482 kPa
or 70 psi), two biasedbowshocksappearto dominateoverothers,but
the unsteadymovementof shockwavespersists.These two contrast-
ing featuresbetween the room-temperatureair and plasma injection
are uniformly observed over the entire tested pressure range.

To differentiate the electromagneticphenomenon from the aero-
dynamic interaction and thermal effect, an applied magnetic � eld
is imposed on the plasma stream. A set of neodymium rare earth
(NeFeB) magnet collars have been placed around the counter� ow
nozzle,and the maximum magnetic � ux density at the pole registers
a value of 0.47 T. The magnetic � eld is aligned with the axis of the
nozzle. The polarity of the magnet is also reversed to seek a possi-
ble change in drag. Thus, the applied magnetic � eld is expected to
produce a difference in total drag.

VIII. Results of Plasma Injection
The controllingparametersof the counter� ow jet are the jet mass

� ow rate, jet exit Mach number, and thermodynamicpropertyof the
injectant.11¡14 In the present effort, the jet exit Mach number of the
nozzle is 3.26 for the calorically perfect air. For plasma injection,
the nonequilibrium weakly ionized air changes the chemical com-
position and thermodynamic property of the injectant. At present,
an accurate description of the nonequilibrium plasma is far from
ascertained,but a reasonablemeasurement of injectant temperature
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is possibleby emission spectra.Therefore, the detection of any pos-
sible nonequilibriumphenomenon is approachedby demonstrating
its departure from perfect gas behavior and as an air mixture with
a known equilibrium air composition. Because a � xed air plasma
compositionis assumeddownstreamof the nozzle throat, the plasma
injection � eld is effectively treated as a chemically frozen � ow.

The equilibriumchemicalcompositionof the plasma counter� ow
jet is obtained in terms of mass fraction at the thermodynamic state
near the Mach disk in the shock layer (4400 K and 10.5 kPa). From
these conditions, the speci� c heat of the air plasma has a value of
° D 1:28. The mass � ow rates of the plasma counter� ow jet were
calculated by solving the Reynolds-averaged Navier–Stokes equa-
tions based on this composition.The computedmass � ow rates have
values of 0.13, 0.19, 0.23, and 0.26 g/s, which corresponds to the
nominal injection pressure ratios, P j=Po of 1.4, 2.0, 2.5, and 2.8,
respectively.

The side-by-sidecomparison of schlieren photographs and com-
puted results of the counter� ow plasma injection is given in Fig. 15.
For comparison, the stagnation pressure of the jet is 482.6 kPa
(70 psi), the ratio of the stagnation pressures of the jet and the
tunnel is 1.4. The injecting rates are 0.52 and 0.13 g/s at the stagna-
tion temperatures of 294 and 4400 K, respectively. The plasma jet
computation is based on the assumptions that the sonic condition
prevails at the nozzle throat, and the chemical composition of the
plasma is not drastically different from the equilibrium condition.
Therefore, the thermodynamic properties of the plasma can be ap-
proximated by the equilibrium air composition at the temperature
of 4400 K and pressure of 10.5 kPa (Ref. 30). In short, the entire
plasma injection � ow� eld is modeled by the chemically frozen � ow
approximation.This numerical result is signi� cantly different from
the computationsusing the ideal gas model in Fig. 15a and reachesa
reasonableaf� nity with experiment.Speci� cally, thecomplexshock
system retracts to the body to re� ect the reduced mass � ow rate at
the elevated injecting stagnation temperature.

In Fig. 16, the drag data are presented as a function of the mass
� ow rate. In this physically meaningful format, the drag reduction
by plasma injection can be easily explained. The calculation at the
identical mass � ow rate reveals that the plasma injection indeed

a) b) c)

Fig. 15 Comparison of schlieren and computation.

Fig. 16 Drag data vs injecting mass � ow rate.

produces a greater drag reduction than its room-temperature coun-
terpart. The reduced drag is derived from the thermal deposition of
the plasma. However, when energy is distributed among different
internal degrees of excitation, the amount of drag reduction dimin-
ishes.Most important, the differencebetween calculatedresultsand
measurements is con� ned within the band of data uncertainty.This
observation is further substantiated by the reasonable replication
of shock structures by computations, suggesting that the effect of
nonequilibriumchemical kinetics may not be signi� cant under the
present tested condition.

From all efforts in magnetoaerodynamicresearch,7¡9 the plasma
� ow� eldmodi� cationsare a consequenceof theappliedelectromag-
netic � eld. However, in the most recent experiments using plasma
injection for drag reduction, the applied electromagnetic � eld is
conspicuously absent.10¡12 Theoretically, the drag reduction by an
induced electromagnetic � eld, if possible at all, will be negligible.
In an attempt to further de� ne the electromagnetic effect for the
plasma counter�ow jet, an applied magnetic � eld was imposed by
a set of neodymium rare earth (NeFeB) magnets around the plasma
torch chamber. The applied magnetic � eld is aligned with the axis
of the nozzle to enhance the plasma pinch effect.31 The magnet has
a maximum magnetic � ux density of 0.47 T at the pole, but the � eld
strength diminishes rapidly toward the nozzle axis. The estimated
value is about 0.17 T locally, and the plasma interaction parame-
ter, S D (¾ B2 R=½u), is far less than unity. Under this circumstance,
the effect of electromagnetismis minuscule where detection is con-
cerned.As anticipated,only limited successwas achievedat the low-
est plasma stagnation pressure. The plasma torch with the applied
magnetic � eld ceased to function when the air supply to the torch
chamber was higher than 482.6 kPa. The differenceof the measured
data with the applied magnetic � eld is recorded, but its magnitude
is con� ned within the uncertaindata scatteringband. Therefore, the
weak applied magnetic � eld did not produce a de� nitive effect on
drag reduction.The effect of a still weaker inductedelectromagnetic
� eld will be even smaller, so as to become negligible.

The electromagnetic force of the plasma injection may enter
the interaction through conductive current and the transport of ex-
cess charges.27 Signi� cant charge separationmay occur at locations
where the disparity of electron and ion mobility are accentuated,
such as near the electrodes and across the shock wave. Because
an electromagnetic � eld modi� es the Rankine–Hugoniot condition
across a shock,2;3 the charge separation at the shock wave is one of
the likely sourcesto affect the wave drag.The presentmeasurements
by the double langmuir probe did not generate concrete evidence to
support this. For the presentexperiment,it is logicalto concludethat
the effectof electromagneticforceon drag reductionis insigni� cant.

IX. Conclusions
The drag reduction by a plasma counter� ow jet is investigated

in a Mach 6 wind tunnel at a freestream pressure of 268.7 Pa
(0.040 psi) and temperature of 79 K (142.3±R). The plasma with
a vibrational temperature of 4400§ 400 K, an electron temperature
about 20,000 K, and an electron density greater than 3 £ 1012/cm3

is injected from a hemispherical cylinder. At a given injecting stag-
nation pressure, the measured drag is nearly 10% higher than the
room-temperatureair injection.However, if the decreased injection
mass � ow by the elevated plasma temperature is taken into consid-
eration, the drag reduction by plasma injection is, in fact, greater
than its room-temperature counterpart.

Based on the equilibrium chemical composition at the plasma
condition and at the identical injecting mass � ow rate, the plasma
injection would yield a 12.5% greater drag reduction by the
plasma thermal effect alone. The present side-by-sideexperimental
and computationalresearchindicates that the major portionsof drag
reduction by plasma injection are derived from the favorable shock
and counter�ow jet interaction and thermal energy deposition.The
contribution from the electromagnetism is barely detectable and is
deemed insigni� cant in the present experiment.

From the present investigation, the electromagnetic effect shows
promise to be the sought-after mechanism for aerodynamic en-
hancement. The magnetoaerodynamic phenomenon in hypersonic
� ow must be derived from a signi� cant and appropriate applied
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electromagnetic � eld. This is merely a reaf� rmation of pioneering
theoretical observations.
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