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Hypersonic Flow over a Blunt Body with Plasma Injection
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The drag reduction of blunt body in hypersonic � ow via plasma injection has been investigated by a combined
experimental and computational effort. The counter� ow plasma jet generated by a plasma torch has a vibrionic
temperature of 4400K, anelectronic temperature around 20,000K, andelectron densitygreater than3 £ £ 1012 /cm3.
At a � xed injection stagnation pressure and in the absence of an applied magnetic � eld, the plasma injection
actually increases drag above that of room-temperature air due to a decreased mass � ow rate at the elevated
temperature. However, at an identical mass � ow rate, the plasma injection reveals a greater drag reduction than
the room-temperature air counterpart through thermal energy deposition. From experimental measurements,
an overwhelming major portion of the drag reduction is derived from the viscous–inviscid interaction of the
counter� ow jet and thermal energy deposition. The numerical results of Navier–Stokes equations with a local
equilibrium plasma composition also con� rm this observation.

Nomenclature
B = magnetic � ux density, Wb/m2

D = total drag
J = electrical current density, A/m2

p = pressure, N/m2 (Pa)
R = hemispherical nose radius, 3.81 cm
S = interaction parameter, ¾ B2 R=½u
U = velocity vector u; v; w, m/s
1 = standoff distance of bow shock
½ = density, kg/m3

¾ = electrical conductivity,Ä¡1

I. Introduction

C OUNTERFLOW jet interaction, electromagnetic forces, and
nonequilibriumthermodynamicswere speculatedto be the key

contributing mechanisms for supersonic aerodynamic drag reduc-
tion via plasma injection. In recent research efforts, a large amount
of wave drag reduction is shown as the consequence of the coun-
ter� ow jet and bow shock wave interaction.1¡3 The drag reduction
from aerodynamic interaction is realized from alteringa single bow
shock to a multiple-shockstructureby the counter� ow jet. The con-
tribution of nonequilibrium thermodynamics to drag reduction as-
sociatedwith plasma injection has been found to be insigni� cant.4;5

For the drag reducing plasma injection phenomenon,the remaining
uncertainty now resides in the relative magnitude of the aerody-
namic and electromagneticmechanisms. Thus, it is the main focus
of the present investigation.

There is a great deal of work on the counter� ow jet or the air-spike
phenomena in the literature.6¡11 The counter� ow jet or the jet spike
of a blunt body in supersonic regime has two distinct states.9¡11

At the lower injection pressure, the jet displaces the bow shock
upstream.The modi� ed shock envelope is generallyconical,andthe
� ow� eld is unsteady. At higher injection pressures, the displaced
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shockactuallyretractsback from the conical to a bluntcon� guration
and returns to steady state.1 The interaction of the counter� ow jet
with the bow shock is rather complex. The basic drivingmechanism
is the counter�ow jet expanding into a low stagnationpressure bow
shock envelope, then stagnating in the shock layer by a Mach disk.
In essence, the � ow� eld consists of the counter� ow jet issuing from
the stagnationpoint and reversing its directiondownstreamas a free
shear layer. A part of the jet stream is entrained to form a toroidal
recirculation zone beneath the free shear layer. As the free shear
layer reattaches to the blunt body, it induces a series of compression
waves coalescing into a reattchment ring shock. The counter� ow
jet interaction replaces the single bow shock over a blunt body by a
triple-shock structure.

The shock bifurcationphenomenonwas discoveredby the exper-
imental study of the jet spike.1;2 At the bifurcation point between
steady and unsteady states, the drag reduction also attains the max-
imum value. The bifurcation is the consequence of breakdown of
the subsonic feedback loop between the Mach disk and the unstable
free shear layer.1;12 As the jet injection rate increases, the subsonic
region connecting the Mach disk and the free shear layer dimin-
ishes in size. At the bifurcation point, a portion of the counter� ow,
supersonic jet diverts from the Mach disk and effectively cuts off
the upstream signal propagation from the free shear layer, and the
oscillatory motion ceases.1

The controllingparametersof the counter� ow jet are the jet mass
� ow rate, the jet exitMach number,and the thermodynamicproperty
of the injectant.10 In the present effort, the jet exit Mach number is
limited by a nozzle designed to accommodate a plasma torch. For
plasma injection, the nonequilibrium weakly ionized air not only
changes the temperature but also the thermodynamic property of
the injectant.At present, an accuratedescriptionof the plasma is far
fromcertain,but reasonablemeasurementsof injectanttemperatures
are possible by emission spectra. Therefore, the thermal effect to
plasma injection rate can be isolated and analyzed by solving the
mass-averagedNavier–Stokes equations.

The electromagnetic force of the plasma injection may enter the
interaction mostly through conductive current and transport of ex-
cess charges.13 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 Rankine–Hugoniot condition across
a shock (see Refs. 13 and 14), the charge separation at the shock
wave is one of the likely sources to affect the wave drag. The
joule heating and the work done by the Lorentz force on gas par-
ticles have also been demonstrated to be additional entropy alter-
ation mechanisms.1;2 However, note that, if the plasma maintains

367



368 SHANG, HAYES, AND MENART

its global neutrality, a magnetic � eld must be applied to induce
the electromagnetic and aerodynamic interaction. To further en-
hance the electromagnetic force in the present research, a magnetic
� eld is also applied to increase the magnetic interaction parameter,
S D ¾ B2r=½u (Ref. 15). To quantify this interactionparameter, the
electricconductivityof the plasmais measuredby a double langmuir
probe.

The present effort focuses on contributions of aerodynamic and
possible electromagneticforces to drag reduction via plasma injec-
tion at Mach 5.8. The theoretical work13;14 has shown in a globally
neutral plasma an applied magnetic � eld is the key for modifying
the Rankine–Hugoniot condition. In the absenceof an appliedmag-
netic � eld, the electromagneticcontribution,if it exists,shall be very
limited. A side-by-sideexperimentaland computation effort is nec-
essary to analyze the multidisciplinaryproblem. For computations,
the mass-averaged,three-dimensional,Navier–Stokes equationsare
used to describedthe counter� ow jet shock interactionand the high-
temperature gas from the plasma.16 The experimental research is
conductedon a build-upapproach;the counter� ow jet is initiatedby
injectingair at room temperatureand then ionizedby a plasma torch
in a single testing sequence. The drag variation during the testing
sequence is recorded and analyzed. The experimental data include
schlierenphotographs,shockstandoffdistanceswithandwithout the
ionized air, and the aerodynamic drag force measurement. The de-
tailed � ow structures within the displaced shock layer are analyzed
by comparing experimentalobservationsand numerical simulation.

II. Experimental Facility
The counter� ow plasma jet and shock interaction is investigated

in a blowdown, open-jet, high-Reynolds-numberwind tunnel. This
wind tunnel was designed to simulate � ows at a nominal Mach
numberof 6.0, at the stagnationtemperatureof 610 K, and at a range
of stagnationpressuresfrom3:44 £ 102 to 1:40 £ 104 kPa. The mass
� ow rate of the experiment spans a range from 0.77 to 4.63 kg/s,
and the facility still can sustain a test period for up to 10 min. The
forcemeasuringmodel is a hemisphericalcylinder,which has a nose
radius and a total length of 38.1 and 203.2 mm, respectively. The
counter� ow jet aligns with the axis of the model and issues from
the stagnation point. The ionized air of the jet is generated by a
plasma torch embedded within the model. The aerodynamic force
is measured by a set of three piezoelectric force sensors or load
cells. Flow� eld data are collected by an emission spectrometer for
gas temperature and a double langmuir probe for electron density
and electron temperature.

The Mach 6 tunnel can simulate atmospheric � ight up to an alti-
tude of 42.7 km (140,000 ft) with a Reynolds number of 45,200/m
(1:38 £ 106/ft). The available test core of the blowdown jet at the
stagnation pressure of 6:89 £ 102 kPa has a nominal diameter of
203.2 mm. The Mach number distributionsacross the jet core were
surveyedat differentstreamwise locationsand stagnationpressures;
the deducedmaximumvariationis less than 2% (Refs. 2 and 3). This
variation is measured within the domain bounded from the nozzle
exit plane to a distance of 127 mm downstream. In addition, the
axial � ow gradient is negligible, and the operating Mach number of
this tunnel is determined to be 5.80.

For the present investigation, the tunnel is operated at the lowest
densityof 0.0118kg/m3, which requiresa mass � ow rateof 0.77kg/s
at the freestreampressure of 2 torr. To circumvent the condensation
of the air at the nozzle exit condition, the stagnation temperature is
maintained at a constant value of 610 K and the static temperature
of 79 K for all cases studied.

The model blockage interference in the wind tunnel has also
been assessed by schlieren of bow shock waves around the model
at the four survey locations.3 The model is mounted on a re-
tractable stem support in the testing chamber. The � ow� eld of the
test section was also monitored by a static pressure gauge. No dis-
cernible blockage interference was detected. As an additional as-
surance, the standoff distance measured from the schlieren photo-
graph (1=R D 0:157) agrees with correlated data (1=R D 0:153)
by Ambrosio and Wortman.17

The model was � tted with three nozzles to calibrate the force
measurements. The original design had a throat diameter Dt of

2.44 mm, and the exit Mach number was 2.86. At the same stag-
nation pressure as the tunnel running condition (344.7 kPa) but a
lower stagnation temperature of 294 K, the calculated mass � ow
rate is 0.0038 kg/s (0.0084 lbm/s). The data collected from this noz-
zle essentiallyduplicatedthe previousmeasurements.1;2 The second
nozzle has a smaller throat diameter of 1.5 mm to accommodate the
plasma torch. At the identical stagnation condition, the mass � ow
rate is 0.0014 kg/s (0.0032 lbm/s) and has an exit Mach number of
3.28. However, this mass � ow rate is still too high for the torch to
sustain the plasma generation.A third nozzle was designed with the
throat diameter further reduced to 1.27 mm. This nozzle operated
in the same stagnation condition as the others and the exit Mach
number is 3.63 and yields the mass � ow of 0.0010 kg/s. This nozzle
� ow changed from overexpandedto underexpandedconditionat the
stagnation pressure of 1077 kPa (156.24 psi).

III. Plasma Torch and Diagnostics
A plasma cutting torch from Thermadyne supplies the ionized air

for the counter� ow jet. This torch consists of two basic units: the
PAK Master50XLpowersupplyand thePCH/M-28 torch.The max-
imum poweroutput from this plasma torch is ratedat 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 frequencyof approximatelyof 2 MHz. The pilot arc
within the torch head is maintained 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 force measuring
model. As already mentioned, the nozzle has a throat diameter of
1.27 mm, an exit diameter of 3.53 mm, and an overall length of
8.13 mm. The plasma jet exits the nozzle at a Mach number of 3.64
if a sonic condition prevails at its throat.

Initially the rotational temperature of air plasma is attempted by
the optical emission from the second positive electronic transition

C35u ­ B35g

ofmolecularnitrogen.18¡20 Unfortunately,the nitrogenC– B spectra
were obscured by emission from other species, such as molecular
oxygen and nitric oxide, as well as vapors of copper and iron. How-
ever, the origin band (0,0) of the ionized nitrogen NC

2 ,

C25C
u ­ X 25C

g

appears as a prominent feature in the plasma torch emission spec-
trum.A compositespectrumof the plasmatorch in the3400–4400- ÊA
wavelength range was obtainable.19;20 The vibrionic temperature,
determined from the Boltzmann plot, and a blackbody modeling is
4400§ 400 K.

The electron density and temperature of the plasma � eld around
the torch is measured by a double langmuir probe.21;22 The probe is
constructed from 0.5-mm platinum wire. The electrical potential is
provided by a §100 V Keppco bipolar power supply. To determine
the entire current–voltagecharacteristic,electricalcurrent measure-
ment capabilityin microamperesrangeis essential.For thatpurpose,
the resistor in the circuit can vary from 75 to 1000 Ä (Ref. 22). The
langmuir probe has a double-hole ceramic sleeve and a wire sep-
aration distance of 3.2 mm, and the sensing area of each probe is
3.9 mm2 . Although the platinum wire has a high resistance to oxi-
dation at high temperature, the langmuir probe is still limited to the
fringe area of the plasma torch. Preliminary data indicate that the
electron density within the shock layer is 3 £ 1012/cm3.

Once all of the transport properties of the weakly ionized gas are
known, the drag modi� ed by the plasma jet can be quanti� ed in
terms of the interaction parameter S D ¾ B2 R=½u. The force mea-
suring model is isolated from the support strut by a set of three load
cells to receive the axial force exertedon themodel.These load cells,
or quartz-force rings (ICP Model 201B03), have a maximum com-
pression range of 11.1 kN and a sensitivityof 44.4 N. The force data
are recordedby these cells by a prestressedload of 2.2 kN to operate



SHANG, HAYES, AND MENART 369

Fig. 1 Force measuring model.

in the linear measuring range. By this arrangement, the total force
from the wave drag, skin-frictiondrag, and base drag is measured.
The model design and fabrication is provided by K. Chadwick of
the MassachusettsInstituteof TechnologyLincoln Laboratory.This
model is shown in Fig. 1.

To differentiate the electromagneticeffect from the aerodynamic
interaction and thermal phenomenon, an applied magnetic � eld is
also imposed on the plasma stream. A set of neodymium rare earth
(NeFeB) magnet collars have also been placed around the counter-
� ow nozzle, and the maximum magnetic � ux density at the pole
registers a value of 0.47 T. The polarity of these magnets is aligned
to theaxis of the nozzle.Thus, the magnetic � eld is expectedto show
some in� uence on the swirling component of the plasma stream
that issues from the torch head. In particular, the magnetic � eld
may modify the drift motion of charged particles and especially the
movement of electrons.

Forexperiments,thekeydif� cultiesare in thedeterminationof the
plasma transportpropertiesdiscussedearlier.The experimentaldata
are limited to nonintrusive,global measurements to yield a descrip-
tion from observations. At the plasma temperature around 4400 K
(7260±R) and static pressure within the shock layer of 10.5 kPa
(78.9 torr), the plasma chemical composition in equilibrium condi-
tion can be determinedfromnumerousdatabases.23 In terms of mass
fraction, the components of NC , NOC , NC

2 , and OC are in the order
of magnitude from 10¡10 to 10¡5 . In the state of the art for modeling
hypersonic � ow physics, the nonequilibrium thermodynamic state
and internal energy partition can not be predicted with a desired de-
gree of assurance.24¡26 For an example,the dissociationrates at high
temperatures differ by more than a factor of 10 (Ref. 25). In stand-
off distance predictions for a nitrogen � ow, two well-established
rational vibrationalrelaxationmodels have yielded a discrepancyof
8% (Ref. 26). To avoid this uncertainty, the � uid dynamic behavior
of the aerodynamic interaction is evaluated by the mass-averaged,
time-dependent, three-dimensional,Navier–Stokes equations with-
out the nonequilibriumchemical kinetics consideration.

IV. Numerical Analysis
All numerical results are generated by an implicit, unstructured

Euler/Navier–Stokes equations solver, Cobalt.16 The basic algo-
rithm is that of Godunov’s Riemann formulation (see Ref. 27) cou-
pled with implicit time stepping to yield second-order spatial and
temporal accuracy. The procedure is developed for a cell-centered,
� nitevolumeapproachand is able to accommodatea singlegridsys-
tem, which may consist of a variety of cell types, tetrahedron and
hexahedron in three-dimensional space. 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 the U are the conservative independent variables U.½; ½u;
½v; ½w; p/ and F are the � ux vectors of the Navier–Stokes equa-
tions.The reconstructionof the � ux vectorsat the centroidof the cell
faces is by a least-squaresolution to the followingapproximation16:

U
i § 1

2
D Ui § Nr ¢ r Ui (2)

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

An ingenious limiter of Cobalt has enhanced the unstructured
grid procedure to control effectively the numerical dissipation for

solvingproblemsevenwith poor grid topologies.Anotheroutstand-
ing feature of Cobalt is the high parallel computing ef� ciency. The
neighbor–cell connectivity of a unstructured grid formulation ex-
hibits an exceptionally scalable, parallel computing performance
on all multicomputers using a message passing interface (MPI)
library.28

In the present application, the no-slip velocity components and
adiabatictemperatureconditionsare imposedon the blunt-bodysur-
face. For the plasma torch, the sonic throat is designated at the en-
trance boundary for the conical injecting nozzles. The unperturbed
freestream condition is speci� ed at the upstream boundary and the
no-re� ection condition downstream for the far � eld. Turbulent clo-
sure is achieved by the Spalart–Allmaras one-equationmodel.29

V. Accuracy Assessment
The uncertaintyin experimentaldata arise from the drag measure-

mentusingloadcells.Thesepiezoelectricquartz sensorshavebuiltin
microelectronicampli� ers, which convert the high-impedanceelec-
trostatic charge from the crystals into a low-impedancevoltageout-
put. Therefore, it is most effective for measuringin a dynamic event.
In the present investigation,the testing sequence is designed to take
advantageof this feature. In that, the model is injected into the open
jet of the tunnel, starts the counterjetfroman air supplyat room tem-
perature(294 K), and then ignitesthe plasma for a � xed duration.Ef-
forts have been devoted to maintain an isolated environment for the
sensors from electromagnetic and thermal interferences. From this
consistentcalibrationprocess, the data scatteringband is repeatable
by a data collection sweep over a period of 30 s.

In Fig. 2, individual data sweeps of three different counter� ow
nozzlecon� gurationsare presented.These data were collectedat the
lowest static pressure running condition of the tunnel, 2 torr. The
tunnel operating condition is maintained by the stagnation temper-
ature and pressureof 610 K and 344.7 kPa, respectively.The nozzle
� tted with the plasma torch exhibited different performance char-
acteristics when the supply air is routed through the plasma torch
head. The air streaming through the plasma torch has a swirling
velocity component for electrode cooling. Therefore, it is the most
important baseline data.

The shock bifurcation phenomenon associated with the counter-
� ow jet is clearly revealed in the drag measurements.1 At the low
injection stagnation pressure region, the drag is monotonically de-
creased until a critical point of injecting pressure. In this pressure
range, the shock waves are unsteady until the injection pressure ex-
ceeds the critical value. Then the � ow� eld returns to steady state.
The bifurcation controlling mechanism is the feedback loop con-
necting the free shear layer and the jet-forward-motion-terminating
Mach disk.1;2 For the Dt D 2:23; 1:50, and 1.27 mm nozzles, the
critical values of Pj=P0 at the bifurcationpoint are 1.0, 1.5, and 3.5,
respectively. The much lower mass � ow rate of the Dt D 1:27 mm
nozzlehas limited theplasmainjectionexperimentexclusivelyin the
unsteady � ow region. From this set of data, the indicated scattering

Fig. 2 Drag data of counter� ow jet interaction.



370 SHANG, HAYES, AND MENART

band is less than 1.7%. However, the major portion of the data dis-
crepancy between sweeps is in the determination of the absolute
drag value after the model is injected in the tunnel jet stream. The
measurement uncertainty is around 7%.

Another source of the uncertaintyof the experimental data is the
thermodynamic state and transportpropertyof the plasma. The vib-
rionic temperature of the plasma is determined to be 4400§ 400 K.
It is arguable that the internal degrees of freedom of translation, ro-
tation, and vibration are in thermal equilibrium.18;19;24;25 The elec-
tron temperature deduced from a langmuir probe was measured to
be 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. An assessment of species con-
centration at the equilibrium state has been discussed earlier; it is
assumed the chemical composition of the plasma torch is close to
a state of thermal equilibrium for internal degrees of excitation up
to dissociation.Therefore, the only distinct temperatures are that of
electron and the heavy particles. This assumption is based on the
observation that the density in the shock layer is suf� ciently high to
enhance high collision frequencies for energy transfer among inter-
nal energy modes.24;25 Furthermore, the nonequilibrium chemical
kinetic effects on the � ow may be small in view of the relatively low
temperature of the gas mixture and the even lower mass fraction of
air components in ionized mode.4;5;26

The numerical error of any computing simulation consists of
two elements:inappropriategoverningequationsand computational
accuracy.30 Because the error that incurred by solving overly sim-
pli� ed governing equations for magnetoaerodynamic phenomena
presently cannot be assessed, neither the � nite-rate chemical kinet-
ics nor the � nite electricalconductivityelectromagneticeffectshave
been taken into considerationfor numerical analysis.The computa-
tional accuracy is assessed by grid re� nement studies of the three-
dimensional mass-averaged, Navier–Stokes equations. Therefore,
the effect of counter� ow jet shock interactioncan be accuratelysim-
ulated.The effect of chemicalkinetics to drag reduction is estimated
on the measured vibrionic and electron temperatures. Finally the
electromagneticeffect must rely on the experimentalmeasurement.
The present approach, re� ects the state-of-the-art development in
this scienti� c discipline.31

For a shock dominant problem, the criterion of numerical er-
ror 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.27 The computational error
is assessed by generating solutions on consecutively re� ned grids
immediately adjacent to the shock. For an embedded conical nozzle
in the hemispherical cylinder with a throat diameter of 2.44 mm
and exit diameter of 4.70 mm, the exit Mach number is 2.86. Nu-
merical solutions at a freestream Mach number of 5.80 on three
grid systems of 185,484, 256,824, and 303,804 were obtained. The
grid re� nement was focused on the anticipated bow shock loca-
tion. The calculated shock standoff distances, de� ned by the sonic
point of the captured shock, were essentiallygrid independentafter
the � rst grid re� nement.1;2 The identical process was also applied
to nozzle con� gurations of smaller throat diameter nozzles (Dt D
1:27 mm).

The validating drag computations over the entire counter� ow jet
stagnation pressure range from 0 to 550.4 kPa are shown in Fig. 3.
The corresponding data were collected at the lowest tunnel static
pressure of 2 torr. The calculated result includes the base drag cor-
rection from experimental measurements. The base drag evaluated
from two pressure taps in the model base region yields a constant
value of 2.32 N over the entire tested range. An overall reasonable
agreement is achieved for the strong aerodynamic interaction, in-
cluding the bifurcationpoint. The maximum disparitybetween data
and computationsappears in the critical point of shock bifurcation,
the numerical result underpredicts critical pressure ratio by about
10%. The calculated drag reduction is also persistently lower than
data by 5%.

VI. Thermal Effect of Counter� ow Jet
The counter� ow jet in supersonic stream has been investigated

since the 1960s.6¡11 The aerodynamicphenomenonevolves around

Fig. 3 Comparison of computed and measured drag.

the interaction of the counter� ow jet and the bow shock. Initiating
the counter�ow jet into the shock layer does not require a high stag-
nation pressure because of the overwhelming stagnation pressure
loss across the bow shock. The stagnation pressure in the shock
layer of the present test is 11.84 kPa. As the injecting pressure of
the counter�ow jet increases, the jet changes from an overexpanded
to an underexpandedstate.6¡8 The overexpandedjet separates from
nozzle wall and induces a very complex � ow� eld structure in the
nozzle. However, in� uence of the separated � ow within the nozzle
to the overall � ow� eld is limited. On the other hand, the underex-
panded jet can penetrate deeply into the shock layer. The result-
ing strong interaction consists of the counter� ow jet, a forward-
motion-terminating Mach disk, the reversing free shear layer over
the toroidal recirculating zone, and a reattaching ring shock. This
complex multiple shock structure leads to a substantial wave drag
reduction. However, the most interesting phenomenon is the shock
wave bifurcation,which has been discussed earlier.1;2

According to Barber,10 the Mach number of the counter� ow jet,
mass � ow rate, andchemicalcompositionof the jet are importantpa-
rameters in studying this phenomenon. However, the aerodynamic
interactionis too complex to establisha usable correlationthrougha
parametric study. For example, the effect of nonequilibriumchem-
ical kinetics of sparse populated electrons in a relatively low gas
temperature environment is dif� cult to estimate accurately.24;25;31

In other words, the magnitude of these effects to drag reduction is
so small and falls into error bandsof numericalsimulation.A similar
argumentequallyappliesto accountfor the electromagneticeffect in
globallyneutralplasma. In any event, experimentalobservationsus-
ing an applied magnetic � eld to highlight the electromagneticforce
through the plasma pinch effect are planned. For these reasons, the
present effort must concentrate on the thermal effect of the plasma
injection.

A seriesof computationsof the counterjetissued from the conical
nozzle with a throat diameter of 2.44 mm are recorded to duplicate
the tunnel � ow condition, p0 D 344 kPa and T0 D 610 K. The stag-
nation pressureof the jet is held at a constantvalue of 241.3 kPa for
a range of stagnation temperatures from 294 to 4400 K. In Fig. 4,
the calculateddrag coef� cients are comparedwith data and are seen
to increase as the stagnation temperature of the injecting jet rises.
In other words, the drag reduction by the counter�ow jet diminishes
when the temperatureof the injectant is elevated,while the injecting
stagnationpressure is held at a constantvalue.From the well-known
performancecharacteristicof a nozzle,the lower injectingmass � ow
rate at the high stagnation temperature is the main source of drag
variation.

Based on the present numerical results, the mass � ow rate issuing
from the jet decreases as the stagnation temperature increases.This
behavior agrees with theoretical results for ideal nozzle � ow in that
the mass � ow rate is linearly proportionalto the stagnationpressure
and inversely proportional to the square root of the nozzle stagna-
tion temperature, Pm » .p0=

p
T0/ j . The comparisonof the calculated
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Fig. 4 Computed drag vs stagnation temperatures.

Fig. 5 Comparison of mass � ow rates.

Fig. 6 Effect of nozzle stagnation temperature on calculated drag.

mass � ow rate to theory is presented in Fig. 5. The maximum dis-
crepancy between results is less than 8.5%. In the present analysis,
a further breakdown of the sources of discrepancy from either the
nonuniform velocity pro� le at the nozzle throat or the separated
� ow within the overexpandednozzle is not possible. The computed
mass � ow rate of the counter�ow jet decreases by a factor of 3.86
from the room-temperature to the plasma injection condition.

The computed drag at a constant injecting stagnation pressure
(241.3 kPa) but increasing stagnation temperatures is shown in
Fig. 6. All numerical results presented are obtained by solving the

Fig. 7 Drag distribution vs injecting mass � ow rate.

Navier–Stokes equations for perfect gas at the stagnation pressure
of 344 kPa (50 psia) and a range of stagnation temperatures from
294 to 4040 K (530 to 7272 R). Although the mass � ow rate is
affected by the elevated stagnation temperatures, both theory and
calculationsshow that the thrust from the nozzle remains unaltered.
The reverse thrust is, thus, invariant with respect to the elevating
stagnation temperature.Meanwhile, the counter�ow jet with lower
injectingmass � ow rate has a reducedin� uence to modify the shock
structure for wave drag reduction.As the consequence,the net drag
of a blunt body with a counter� ow jet increases with the rising
stagnation temperature at a constant injecting stagnation pressure.
As the stagnation temperature rises from 294 to 4040 K, the drag
increases by a factor of 1.28 at a constant stagnation pressure.

The pure thermal effect of the counter�ow jet on drag calcula-
tion is easily singled out by the present result as a function of the
mass � ow rate. In Fig. 7, the drag data and the computed results
are presented together. The calculateddrag coef� cients at the same
stagnation pressure, but different stagnation temperature, are pre-
sented as discretepoints.The highestdrag reductionof this seriesof
calculations corresponds to stagnation temperature of the plasma.
The anchor point of the speci� c comparison is the drag coef� cient
distribution at the stagnation temperature of 294 K. The calculated
results indicate that, at a constant rate of mass � ow, the higher stag-
nation temperature of the counter� ow jet leads to a greater drag
reduction. At the identical mass injection rate, the added thermal
energy of the counter�ow jet produces a monotonically increased
drag reduction. The maximum additional drag reduction is 13.4%
at the plasma temperature with a mass � ow rate of 0.00063 kg/s.

The computed � ow� elds at a stagnation pressure of 243.3 kPa
and stagnationtemperaturesof 294 and 4400 K are shown in Fig. 8.
The latter case is intended to duplicate the thermal condition of the
plasma torch with the perfect gas model. As noted, in all numerical
simulations up to this point, the nonequilibriumexcitationsbeyond
the rotationaldegree of freedom are excluded.Nevertheless, the nu-
merical results reveal that the higher temperature counter� ow jet
has a much shorter penetration depth in the shock layer than the
lower temperature counterpart. This behavior is anticipated from a
substantially reduced mass injection rate at the higher temperature.
The thermal diffusion of the higher temperature can also domi-
nant over the lower temperature injectant as expected. The lower
density within the shock layer also forces a standoff distance ad-
justment at the intersection of the bow shock and the ring shock to
accommodate the identical freestream. This outward displacement
of the shock wave produces a more obtuse shape than the colder air
injection.

Because the plasma temperature is a direct measurementfrom the
optical emission of ionized nitrogen NC

2 ,

C25C
u ­ X 25C

g

the partitionof internalenergyhas alreadyaffectedthe temperatures
of thegasmixture.18;19;31 Althoughthedetailedthermodynamicstate
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of theplasmais uncertain,theequilibriumcompositionof theplasma
at the measured temperature can be accurately determined.23 From
the equilibriumchemical composition, additional computationsus-
ing Navier–Stokes have been performed. In short, the calculated
drag reductions based on equilibrium chemical composition are
uniformly 3% less than that of the standard air calculations.These
results re� ect correctly that a part of thermal energy must be dis-
tributed to the higher degrees of freedom instead of converting into
kinetic energy through the expansion process. In this sense, the
present numerical results represent an ideal baseline for the thermal
deposition of the counter� ow jet.

Fig. 8 Flow� eld structures at different stagnation temperatures.

Fig. 9 Plasma counter� ow jet and shock interaction.

VII. Plasma Counter� ow Jet
It is reasonable to assume that the vibrionic temperature

(4400§ 400 K) is in thermal equilibrium with all other degrees
of freedom but not necessarily with electronic excitation.14 In fact,
this conjecture has received partial support from langmuir probe
measurements in the fringe of the plasma plume. The measured
electronic temperature is 20,000 K. In essence, the heavy particles
temperature of the injected plasma is comparable to that reported
by Ganiev et al.,32 Bityurin et al.,33 and Malmuth et al.11

The equilibriumchemicalcompositionof the plasma counter� ow
jet can be determinedin termsofmass fractionat the thermodynamic
state near the Mach disk in the shock layer (4400 K and 10.5 kPa).
The mass fractions of molecular nitrogen and nitric oxide are 0.68
and 0.05, respectively. The oxygen molecules are nearly all disso-
ciated to yield a mass fraction of atomic oxygen around 0.26. The
components of NC , NOC , NC

2 , and OC are in the order of magni-
tude from 10¡5 to 10¡10 (Ref. 23). These low mass fractions are
essentially considered to be trace elements. Although the plasma
counter� ow jet is understood to be in thermodynamicallynonequi-
libriumstate, thechemicalcompositionand internalenergypartition
can not be predictedwith certainty.Therefore, the mass � ow rates of
the plasma counter� ow jet were calculatedbased on the equilibrium
composition to yield the tested mass � ow rates of 0.0013, 0.0019,
0.0023, and 0.0026 kg/s, which correspond to the nominal injection
pressure ratios p j =p0 of 1.4, 2.0, 2.5, and 2.8, respectively.

A photograph of the plasma counter� ow jet injection is given in
Fig. 9. The stagnation pressure of the jet is 482.6 kPa, and the ratio
of the stagnation pressures of the jet and the tunnel is 1.4. For the
Dt D 1:27 mm nozzle, the injecting rate is 0.0013 kg/s based on
the assumptions that the sonic condition prevails at the throat, and
the chemical composition of the plasma is not drastically different
from the equilibrium condition. The added complication of nozzle
wall erosion by oxidation renders an accurate calculation of the
mass � ow rate dif� cult. Nevertheless, the envelope of the plasma
plume in the photograph coincides with the schlieren photograph
of the shock wave system. The plasma also propagates along the
blunt-body surface and persists far downstream.
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The composite photograph of schlieren at four different stagna-
tion pressures of the plasma counter� ow jet is presented in Fig. 10.
The plasma is injected into the bow shock envelope at stagnation
pressures of 582, 689, 827, and 965 kPa (70, 100, 125, and 140
psia). Two major features of the plasma injection in contrast to the
room-temperature jet stand out. First, the shock waves uniformly
retract toward the blunt body for all cases tested. Based on the per-
fect gas model calculation, this phenomenon is mostly associated

Fig. 10 Schlieren photographs of plasma injection.

Fig. 11 Spectral density of drag measurement.

with a reduced mass � ow rate by the elevated plasma temperature.
Under the present testing condition,the mass � ow rate is reducedby
a factor of 3.7. However, the shock wave conformation is different
from the typical lower mass injection.

The other feature of plasma injection is that the amplitude of
the unsteady shock wave movement is signi� cantly subdued. This
behavior is dramatic on the video recording, and the same ob-
servation can also be made from the change from the relatively
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), two biased bow shocks
appear to dominateover others,but the unsteadymovementof 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 spectra information of drag measurements for the room-
temperatureair and plasma issued at the same stagnationpressureof
689kPa (100psia) are shown in Fig. 11.The sampledfrequencycov-
ers a spectrum up to 5 kHz. The basic oscillatorybehavior between
two different injectant is similar, and the most predominantoscilla-
tory mode occurs at 100 Hz. The amplitude of oscillations reduces
signi� cantly at the higher frequency.Over the frequencyrange from
500 to 2500 Hz, the oscillatory amplitude of the plasma injection
is roughly 10 dB lower than the room-temperature air counterpart.
The measured power spectral density fully supports the observation
from the video records and schlieren photographs.

The plasma injection drag data (Dt D 1:27 mm nozzle) at four
tested stagnation pressures of the plasma injection are presented
in Fig. 12. The discrete data set is accompanied by results of

Fig. 12 Drag data of plasma injection vs Pj/P0 .
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Fig. 13 Drag data of plasma injection vs m/(m)ref .

room-temperature air injection in a single data sweep. This con-
tinuous data distribution serves as a reference for individual drag
measurements. In the present data collectionprocess, the drag mea-
suring procedure starts with room-temperature air injection. The
plasma is then introduced by igniting the torch, which is sustained
for a durationof 15 s. In a typical test, the piezoelectricforce sensors
yield consistent output just a fraction of a second after the transient
electromagnetic pulse has passed. The drag of an individual test
by the room-temperature air injection registers a value close to the
data of reference. The maximum difference is generally con� ned
within the data scattering band of about 5%. The measured drags
rise when the plasma is ignited. According to the earlier computa-
tional analyses of similar simulations, this behavior is mostly due
to reduced mass injection � ow 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 � ow rate.

Identical experimental data are presented in terms of mass � ow
rate in Fig. 13. The mass � ow rate is obtained by solving the mass-
averaged Navier–Stokes equations using the the chemically equi-
librium composition. The calculated mass � ow rate yields values
of 0.13, 0.19, 0.23, and 0.26 g/s, which correspond to the injecting
stagnation pressure ratios Pj=P0 of 1.4, 2.0, 2.5, and 2.8, respec-
tively.The additionaldrag reductionby the thermaldepositionof the
plasma injection is clearly demonstrated.The computed magnitude
of the reduced drag is as high as 13.4%.

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 polarization of the applied magnetic � eld is
aligned with the axis of the nozzle to enhance the plasma pinch
effect.21 The magnethas a maximum magnetic � ux densityof 0.47 T
at the pole, but the � eld strengthdiminishes rapidly toward the noz-
zle axis. The estimated value is about 0.17 T locally, and the plasma
interaction parameter S.¾ B2 R=½u/ is much less than unity. Un-
der this circumstance, the effects of Lorentz force is dif� cult to
detect. As anticipated, the only success was achieved at the low-
est plasma stagnationpressure. The differencebetween plasma and
room-temperatureair injection including the applied magnetic � eld
is detectable. The difference in drag measurement with and with-
out an applied magnetic � eld is not consistent, but always less than
4%. The plasma also failed to ignite at all higher plasma stagna-
tion pressures.Note that this magnetic � eld is applied only near the
electrodes, where the electrical charge separation may take place.
From this observation, one recognizes that the induced magnetic
� eld by plasma injection is most likely negligible.14;15;31 Therefore,
a signi� cant electromagneticeffect by plasma injection for � ow� eld
modi� cation would be highly doubtful.

From the present research results at an identical mass � ow rate,
the plasma injection indeed produces a greater drag reduction than
its room-temperaturecounterpart.However, the major portionof the
reduced drag of the present experiment is derived from the thermal

deposition of the plasma. Another feature of the shock wave and
plasma counter� ow jet interaction lies in the unusual con� guration
of the complex shock waves. The resultant shock wave conforma-
tion at a lower mass � ow rate does not follow the trend of the
room-temperature air injection. The thermal diffusion can play a
signi� cant role in this phenomenon (see Fig. 8).

The charge separation across the bow shock leading to a steep
electrical� eld gradientis anotherphysicalpossibility.The mean free
path of the oncoming stream under the tested condition is 3.35 ¹m
(10¡6 m), whereas the debye length of the plasma is about 11.0 ¹m.
The debye length is, thus, more than a factor of three greater than
the mean free path of the freestream, which is of the same order of
magnitude of the shock wave thickness.As a point of reference, the
electron mean free path is about 0.1 mm at the freestream pressure
of 5 torr. This phenomenon remains as a key element for future
investigation.

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

in a Mach 6 wind tunnel at a freestream pressure of 344.7 kPa and
temperature of 79 K. The plasma with a vibrionic temperature of
4400§ 400 K, an electron temperature about 20,000 K, and an es-
timated electron density greater than 3 £ 1012/cm3 is injected from
a hemispherical cylinder. At a given stagnation pressure, the mea-
sureddrag is nearly10% higherthan the room-temperatureair injec-
tion. However, if the decreased injection mass � ow by the elevated
plasma temperature is taken into consideration, the drag reduction
by plasma injection is in fact greater.

Based on the equilibrium chemical composition at the measured
plasma condition and at the identical injecting mass � ow rate, the
plasma injectionwould yield a range from 6.1 to 13.4% greaterdrag
reduction by the plasma thermal deposition.From the experimental
data, the effects of chemical nonequilibrium and electromagnetic
force are most likely negligible.

In addition to a greater drag reduction, the plasma injection re-
duces the amplitude of shock wave oscillation associated with the
counter� ow jet and bow shock interaction. In the injection pres-
sure range lower than the shock bifurcation point, the plasma
injection signi� cantly reduces the oscillatory amplitude of drag
measurements by 10 dB.
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