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In� uence of a Counter� ow Plasma Jet
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Aerodynamicaugmentationin thepresence of a thin high-temperatureonboardplasmajet directed upstream ofa
slightlybluntedcone was studied experimentallyandnumerically.The � ow arounda truncatedconecylinderat zero
incidence was considered for Mach numbers M 1 = 2:0, 2.5, and 4.0. For the � rst time, computationally validated
experimental pressure distributionsover the model surface in the presence of the plasmajet were obtained.As in the
conventional (nonplasma) counter� ow jet, two stable operational regimes of the plasma jet were found. These were
a short penetration mode and a long penetration mode (LPM) aerospike into the opposing supersonic freestream.
The greatest drag reduction occurred in the moderate LPM regime. LPM strong overblowing reduces the bene� ts.
The experimental pressure results were approximately validated against an Euler computational � uid dynamics
simulation,modelingaperfect gashot jet, counter� owingagainstaperfect gas supersonicfreestream. Plasmaeffects
such as electron pressure, radiation, electric � eld interactions, Joule heating, and induced vorticity, streamers, and
plasmoids have been identi� ed that, if accounted for, may improve the comparison. Procedures for the use of these
experimental results have been outlined as a baseline that will be useful in separating � uid dynamic/thermal effects
from plasma processes in understanding the physics of onboard plasma jets for aerodynamic augmentation.

Introduction

C ONSIDERABLE interest exists today regarding the applica-
tion of onboard plasma devices (OBPD) to enhance aero-

dynamic performance of � ight vehicles. A number of concepts
that have been considered include microwave, electron beams,
surface and volume discharges such as coronas, and plasma jets.
Both numerical and experimental papers devoted to this problem
are exempli� ed in Refs. 1–5. The effect of a laser optical pulse
discharge in a supersonic � ow giving a spikelike energy source
decreases conical and hemispherical nose drag.6 Bodies of rev-
olution with varying bluntness ranging from a sphere to a � at-
faced cylinder were considered3;4;7 for different methods of mod-
ifying the � ow such as microwaves, heated wires, or glowing
discharges.

Originally, much of the interest was stimulated by the possibil-
ity of weakening the vehicle shock system by the interaction of
the arti� cially generated plasma with the shock system. One of our
conjectures is that streamers form that create strong delta-function-
like transverse temperature gradients. By Crocco’s theorem, these
create intense vorticity that can attenuate the shocks. The origin
of the plasma aerodynamic augmentation or � ow modi� cation is
quite controversial, with one camp believing that the major ef-
fects are due to heating and conventional � uid mechanics, whereas
another is convinced that it is all due to plasma physics. Most
likely, any bene� ts are due to a combination of both phenomena.
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The relative proportion of each is related to the device or scheme
used to obtain aerodynamic bene� ts and the range of parameters
considered.

How to create a power source using the minimum possible en-
ergy in these devices is not obvious now. Weight and size as well
as scaling (including identi� cation of the correct parameters) are
key for systems integration and tradeoff comparisons against con-
ventional thrust augmentationschemes for rocket and scramjet pro-
pelledvehicles.Newdatabasesand modelingareneededto dealwith
these issues. Thermodynamicanalysesare also needed to bound the
problem.

An example of a simple plasma aerodynamic augmentation de-
vice is a counter�ow plasma jet. Experimental studies on injection
of a cold ordinary gas jet were described in Refs. 8–11. The possi-
bility of decreasing the drag of a blunted body was demonstrated in
these studies,12¡14 including experiments and numerical modeling.
This work was extended for hot and, later, plasma jets in Refs. 15
(by the authors; the forerunnerof this paper), 16, and 17. Available
data show that the jet effects substantially depend on the shape of
the housing parent body as well as on the jet and freestream � ow
conditions. However, these data are scattered and do not lead to
general conclusions.

Most of the OBPD literature gives information on overall forces
and moments without providing pressure distributions. This infor-
mation is the minimum needed to resolve the aforementionedcon-
troversyand is a central theme in this paper,which not only provides
this information but also computational � uid dynamics (CFD) val-
idations of perfect gas Euler simulations that can be used to test
the hypothesis that, for a range of plasma parameter space, plasma
effects such as electron pressure, electric � elds, charge separation,
plasma radiation,and nonequilibriumand vibrationalrelaxationare
small compared to Joule heating source terms modifying a perfect
gas simulationof the plasma jet � ow modi� cation.This study exam-
ines theconjecturethat, if the � ow patternsandpressuresare approx-
imately similar between experiment and an Euler computational
model, conventional gasdynamic processes control the � ow. Inde-
pendent of its origin, heat addition signi� cantly modi� es the body
� ow� eld, forming a complex system of compressionand expansion
waves interacting with bifurcational unsteady � ow separations and
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cavities.These bifurcationsproduce signi� cant changes in the body
forces and moments.

Existing onboard plasma jet experimental databases contain no
pressure distributions.Furthermore, no adequate theoretical model
exists currently. To � ll these gaps, experiments and modeling were
performed. A description of these studies follows.

Test Facility and Equipment
Performanceof counter� ow plasmajets in supersonicfreestreams

was the primary focus of the experimental portion of the investi-
gation. A signi� cant capability was the availability of a long run-
time InstituteofTheoreticaland AppliedMechanicsT-325,Siberian
Branch of the Russian Academy of Sciences supersonic wind tun-
nel for the counter� ow plasma jet experiments. In this facility, the
test section, which is 200 £ 200 £ 600 mm, provided good views
of the � ow patterns. The long run times were ideally suited for
understanding the � ow patterns to be described.

Experiments were performed at Mach numbers M1 D 2:0, 2.5,
and 4.0, total temperature 300 K, and stagnation pressures 1–

3 atm, which correspondto unit ReynoldsnumbersRe1 D (13–40)£
106 1/m.

The nonuniformityof the Mach number in the test section did not
exceed §0.8%. Pressure and temperature in the settling chamber
was measured and kept constant within an accuracy of §0.5%. The
test article was a cylinder with a blunted cone forebody. The cone
half-anglewas 2c D 30, and it was 40 mm in diameter and 200 mm
in length.The conewas mounted in thewind-tunneltest sectionwith
a strut on one window, so that its forebody could be seen through
the test section optical glass. The blunted cone nose was necessary
to accommodate a nozzle for the plasma generator and to inject the
plasma jet. Figure 1 shows the plasma generator nozzle located in
the forebody of the model. A dc plasma generator with a variable
length arc and gasdynamic displacement of the anode spot on the
anode surface was used in the experiments. The discharge current
was 30–60 A, voltage was 100–200 V, and the characteristic value
of the power supply in the gas was 6 kW/g. A (continuous) plasma
generator produced a hot jet of nitrogen of temperature 5000 K
and gas � ow rate 0.7 g/s. The body of the plasma generator was
bounded by a water-cooling jacket that permitted long, continuous
runs. Current, voltage, gas � ow rate, and pressure in a precham-
ber of the plasma generator were measured in the experiments.The
plasma generatoroperationalparameterswere adjusted before each
T-325 wind-tunnel run. The � ow conditionswere monitored during
the runs.

Standard equipment was used for measurements of current, volt-
age, and pressure.Precisionof measurementsof currentand voltage
was §0.5% and pressure §3%, respectively.

The plasma generatorwas attachedto a strut that did not affect the
measuredvalueof themodeldrag.The metricpartof themodelwas a
thin-walledshell that was attached to a strain-gaugebalance located
on the extreme downstreamend of the casing shield. A strain-gauge
registered forces acting only on the thin-walled shell. The forces
acting on the plasma generator (including the jet reaction force)
were compensated by the strut response that was not measured by
the balance.

On the forebody of the model, 10 pressure taps were installed,
and 6 were placed on the cylindrical afterbody.Three pressure sen-

Fig. 1 Plasma generator nozzle; r1 = 4 mm and r2 = 17.5 mm.

sors were located inside the model, between the cone and plasma
generator. One was located near the strain-gaugebalance.

The tests included 1) testing of the balance measurement sys-
tem using a sharp cone model, 2) balance measurements of model
drag, 3) pressuremeasurements on the model surface and inside the
model,4)video � lming of the � ow patternwith theplasmagenerator
operating, and 5) schlieren pictures of the � ow.

Balance and Pressure Measurement Apparatus
The drag force of the model was measured using a strain-gauge,

one-component balance with a range of force measurement of
0–100 N. The balancewas calibratedafter each changeof the model
position in the test section of the T-325 wind tunnel.

The valueof the model drag obtainedfrom a strain-gaugebalance
accounted for the internal pressure in the model using the formula

N D B C
Z r2

r1

2¼rPin.r/ dr

where B is the force measured by the strain-gaugebalance, r1 is the
internal radius of truncation, r2 is the internal radius of the model
forebody (Fig. 1), and Pin.r / is the pressure distribution over the
internal surface of the forebody.

The pressure distributionson the surface of the model were mea-
sured with the taps (diameter0.7 mm) and straingauges.These were
isolated from the electromagnetic � elds of the plasma generator.

Experimental Results
The plasmageneratorwas activatedwhen the desiredwind-tunnel

� ow conditionswere established.Plasmageneratorignitionresulted
in a glow enveloping the model and highlighting the � ow� eld. Two
steady� ow modes were observed:short jet penetrationmode (SPM)
into the incoming air� ow and long jet penetration mode (LPM).
Both modes of � ow were observed in the same experiment. The
transition from one mode to another was accompanied by transient
phenomena, giving different � ow patterns. During these transition
regimes, a reorganization of the � ow structure occurred from one
exhibiting a multibarreled jet structure, characteristic of the LPM,
to one with one barrel, intrinsic to the SPM. Qualitatively,such phe-
nomena have been previously observed for nonplasma counter� ow
cold jets embedded in supersonic � ows.

Figures 2 show typical schlierenimages associatedwith these ex-
perimentsexhibitingthe aforementionedfeatures.All occursequen-
tially in one run at nominal, nearly constant wind-tunnel conditions
with growing pressure in the plasma generator prechamber. The
LPM occurred at the beginningof experiment. Then it transformed
itself into the SPM. Following Refs. 8 and 10, the occurrenceof the
two modes was correlatedwith the stagnationpressure ratio param-
eter P D p0 j=p0

0 f , where p0 j is the total pressureof a plasma jet and
p0

0 f is the totalpressurebehindnormal shock.Figure2a corresponds
to the LPM, where P D 3:8. The head bow shockand trailing shocks
are obvious.Figure 2c shows the SPM, where P D 5:0. An example
of a transitionalregime, P D 4:4, is shown in Fig. 2b. The images of
both modes (exposure time »0.01 s) are superimposedin Fig. 2b. A
transitional regime exhibiting instability in the zone of interaction
of the jet and counter� ow was observed in the range 4:1 < P < 4:5.
It is possible to estimate the critical P for which mode transi-
tion/bifurcation occurs as approximately 4.3. This value is slightly
higher than that for cold counter� ow jets (P critical »3) in similar
� ow conditions.8 The disparity may be related to plasma effects.18

SPM also appearsfor P < 2. The drag force of the truncatedcone
model with counter� ow plasma jet injection was comparedwith the
value of the drag force of a sharp cone model. Figure 3 shows the
values of the drag coef� cient of the model CD D X=q S, where X is
the drag force of the model, q is the freestream dynamic pressure,
and S is the area of model cross section, for various stagnation
pressures of the � ow p0 f , obtained by balance measurements.

Precision of the q1 determination was §0.5%. The pressure
gauges had a 100-kPa measurement range, also subject to an er-
ror of §0.5%. Total error for CD was §1–2%. The maximum error
is shown as an I bar in Fig. 3 (upper right point). Because the � ow
under study was unsteady and the model surface was subjected to
the high-temperatureplasmajet, additionalerrors couldoccurdue to



1172 FOMIN ET AL.

a)

b)

c)

Fig. 2 SPM to LPM transitions.

model erosion. Baseline experiments were carried out with a sharp
cone (points 1) and blunted cone without a jet (points 2) and with a
plasma jet (points 3 and 4) at M1 D 2.

Surprisingly, the sharp cone has the greatest drag for the inves-
tigated range of T-325 freestream pressures. The blunted cone has
somewhat less drag. This is due to a suction force on a � at nose,
even without the jet.19 This was not measured in our experiments.

Addition of the plasma jet reduced the drag of the model. The
experimental data form two groups of points corresponding to the
SPM and the LPM. LPM producedthe greatestdrag reduction(up to
23%), whereas the drag reduction was not too signi� cant for SPM.
For the LPM, the jet penetratesmuch further into the � ow, reducing
the effective cone angle/body thickness ratio. Figure 4 shows a plot
of the model drag vs the Mach number M1 , for p0 f D 100, 200,
and 300 kPa, where 1 refers to a sharp cone, 2 a truncated cone
without the jet, and3 a truncatedconewith the jet.The forebodydrag
was estimatedby integrationof the measured pressuredistributions,
accounting for the jet thrust.

Fig. 3 Cone drag dependence on total pressure P0f : 1, sharp cone; 2,
truncated cone without the jet; 3, truncated cone with the plama jet,
SPM; and 4, truncated cone with the plasma jet, LPM.

Fig. 4 Model drag dependence on freestream Mach number: 1, sharp
cone; 2, truncated cone without the jet; and 3, truncated cone with the
plasma jet.

Drag coef� cients are plotted vs the freestream total pressure for
Mach numbers M1 D 2.0, 2.5, and 4.0 and for the � ow with a jet
and without the jet in Fig. 5.

The forces obtained from balance and pressure measurements
(M1 D 2.0) with and without the plasma jet are compared in Fig. 6.
It is evident that the integrated surface pressure distribution, ac-
counting for the internal model pressure, agrees well with the bal-
ance measured forces. This is a mutual validation of our force and
pressure measurements.

Computational Studies
As another check of the experiments, a perfect gas model of the

� ow was implemented computationally. For the comparisons, the
governingequations are the inviscid three-dimensionalEuler equa-
tions for a perfect gas in conservative form. The interaction of the
plasma jet with the external � ow was modeled by assuming � ow
variable values such as Mach number and temperature at an inter-
nal boundary inside the outer far-� eld computational domain cor-
responding to the jet exit boundary. Currently, we are generalizing
thismodel to simulatecomputationallythe interactionof the internal
nozzle and external � ow� elds, including plasma processes.20

The gas � ow was considered as unsteady with a prescribed ini-
tial state. A time-explicit, space-implicit, second-order accurate,
central-differenceschemewith relaxationsmoothing for solving the
three-dimensionalEuler equationsby the � nite volume method was
used. To obtain a steady-state solution, a time-asymptotic method
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Fig. 5 Drag dependence on total pressure (pressure measurement).

Fig. 6 Drag dependence on total pressure (pressure and balance
measurement).

and a shock-capturing weakly nonmonotonic and fully conserva-
tive technique was employed. The solutions belong to the class of
bounded functions.

For generation of computational grids, the algebraic method of
constructionof grids21 was applied.Grid convergencewas assessed
from calculations on different grids (50 £ 50, 50 £ 100, 50 £ 150,
100 £ 50, 100 £ 100, and 150£ 150) involving various grid den-
sities on the bodies and in the � ow. Global features of the � ow
solution were preserved on grid re� nement but with emergence of
subtle local � ow details.

Comparison with Experiment
To compare the numerical and experimental data and to analyze

the resultsobtained,a supersonic� owarounda truncatedconewith a
counter� ow jet was calculated.The truncatedcone parameterswere
cone half-angle 2c D 30 deg, ratio of the midsection diameter d3 to
the front face diameter d2 of 5:1, and d1:d2 D 1:4. The freestream
conditions were Mach number M1 D 2, angle of attack ® D 0, and
total temperature T0 f D 283 K. The Mach number Ma j at the jet
exit was unity. A speci� c heat ratio ° D cp=cv D 1:4 was assumed
in all calculations. The parameter P D p0 j =p0

0 f was varied in the
range 1.15–5. Total temperature in the jet was T0 j D 5000 K. These
parameters were approximately typical of all of the experiments.
Both modes (LPM and SPM) were obtained in the calculations.

CFD isothermsof theLPM and the SPM validatingthoseobtained
in theexperimentsare shown in Fig. 7. InFig. 8, thenormalizedpres-
sure C p D p=2q , where p is the surface pressure on the model, for
1.7 · P · 4.5 is plotted against the dimensionlesscoordinate X=d2,
where d2 D 9 mm, for the Mach number M1 D 2 and p0 f D 1 atm.
Points 1 correspondto a � ow regime without a jet and points 2 and 3
with a jet in SPM and LPM, respectively.In Fig. 8, thepositionof the
cone frustum cylinder shoulder is designated by l. The two modes
are again evident. In both cases, a signi� cant pressure change due

LPM (P = 3.2)

SPM (P = 1.7)

Fig. 7 Photographs and calculated isotherms of � ow.

Fig. 8 Pressure distributions over conical and cylindrical surface: 1,
truncated cone withouta jet and 2 and 3, truncated cone with the plasma
jet, SPM and LPM.

to the plasma jet occurs on the model’s conical surface. A value of
P D 3:2 provided the best CFD � t of the lower solid triangle (LPM)
experimental points, although a closer estimate for P was 2.4. The
value of P D 1:7 was used for the upper SPM group. These two
cases are shown in Fig. 7. [The parameter P was obtained from ex-
perimentally measured pressures in the plasma generator chamber
(giving p0 j / and the normal shock relations, (giving p0

0 f /.]
Uncertainty in estimating P is due to a combinationof many fac-

tors. These include the time variation of the pressure in the plasma
generator, adequacy of assuming choked conditions at the jet exit,
heat additionin the nozzlechamber, losses in the conversionof elec-
trical energy into kinetic energy in the nozzle, plasma effects inside
and outside the nozzle, and viscous interactionssuch as shear layers
and separations. Separate measurements are needed to assess the
plasma generator ef� ciency. In addition, our previously mentioned
more accurate simulation modeling the coupling of the internal and
external� ows in thenumericswillbeusedto improvethe simulation.
Moreover, coupling with plasma chemistry in the high-temperature
zones inside the nozzle and the core of the jet needs to be accounted
for. Despite the need for such re� nements, it is remarkable that the
complete pressure distribution is so well reproduced with a reason-
able average value for P , even on a relative basis. Absolute levels
will require inclusion of plasma effects, examples of which have
been cited earlier herein.
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Agreement of the perfect gas Euler CFD pressure distributions
with the measurements at selective � ow conditions such as Mach 2
strongly suggests much of the physics at that Mach number resem-
bles conventional (nonplasma) counter� ow jet gasdynamics. The
validatedpressuredistributionssuch as those obtained in this inves-
tigation(for the � rst time to our knowledgeforplasma jets) are more
convincing than drag measurements in making this assertion. The
proposition that, if pressure distributionsof the plasma jet � ow are
close to the conventional jet � ow, plasma effects are insigni�cant
is not axiomatically proven here. However, evidence of the truth of
this proposition is the similarity of the observed and computed � ow
patterns obtained in this study, as shown in Figs. 6 and 7. Both indi-
cations suggest that this conclusion is at least one, but not a unique,
possibility.Mathematically,if the pressuredistributionis prescribed
in the classical inverse problem of gasdynamics, and if certain side
conditionssuch as closurefor an airfoilare alsogiven,a uniquesolu-
tion for the body shape and resulting � ow� eld is obtained.A similar
statement can be conjectured for a body of revolution if a single set
of governing equations of motion is used to model the � ow. On the
other hand, if the form of the equationsof motion can be allowed to
vary from conventional gasdynamics to real gas plasma gasdynam-
ics, then this conclusion,although plausible,may be challenging to
prove. To summarize, coincidence of the pressures for the plasma
jet � ow with those of a perfect gas jet is a necessary but not suf� -
cient condition to assert that the two � ows are equivalent.However,
the resemblenceof the � ow patternsof the computationswith those
observed makes this conclusion plausible.

Although comparisonsof drag between plasma and conventional
counter� ow jets is less convincing to arrive at such a conclusion,
because they contain less information, they are an important check
on the pressure measurements and useful to assess the energetic
ef� ciency of possible drag reductionswith plasma counter� ow jets.
These observationsare major � ndings of this investigation.In other
experimentsconductedby the authorsat Mach6 andnot discussedin
thispaper,somequalitativebut less quantitativesimilarityis evident,
and our conjecture is that plasma physics accordinglyplays a more
signi� cant role. In Fig. 9, the total drag of the body

CD D

³
2¼ ¢

Z d3=2

0

p ¢ y ¢ dy C 2¼ ¢
Z d1=2

0

½a ¢ v2
a ¢ y ¢ dy

´,
q ¢ S

as a function of n D p0 j =p1 is shown, where va and ½a are the
velocity and the density in the jet exit, respectively.Here, the total
drag of the body is understood to be the pressure drag plus the
reaction force of the counter�ow jet.

As indicated earlier, the calculations and experiments con� rm
the existence of the LPM and SPM con� gurations.The appearance
of these regimes depends mainly on the pressure ratio P . Plasma
effects, temperature, geometry, and perhaps other factors may be
signi� cant but have not yet been studied. LPM has appeared in

Fig. 9 In� uence of the jet pressure ratio on total body drag.

the range 2 < P < 4:5 in our studies. Outside this range, SPM was
observed.

The main features of these con� gurations that were deduced pri-
marily from Euler computationsperformed in this investigationare
as follows:

1) For the SPM mode, the underexpanded jet forms a new body
that moves upstreamof the jetlessbow shockand forms a singlecell,
as shown in Fig. 10. Conventional perfect gas nonplasma counter-
� ow jets exhibiting this behavior have been previously studied.8

2) For the LPM mode, for some range of the pressure ratio P , the
jet is compressed, and its cross section is decreased. It penetrates
the jetless bow shock and forms the multicellularstructure shown in
Fig. 11. In this structure, a few small toroidal vortices are evident.
Penetration may be relatively short or long. When the penetration
is intermediate, suction, which is observed on the side surfaces of
the body, can be signi� cant. Long penetration and overblowing for
a slender jet does not lead to signi� cant decrease of the pressure on
the side surfacesof the body.Here, the aerospikeor long penetration
jet is too far upstreamand is of such high � neness ratio that it cannot
signi� cantly slenderize the body because its shock pattern is very
weak and oblique and has a negligible attenuation of the jetless
blunt-body bow shock system. Accordingly, an optimal range of
parameters exists that maximizes drag decrease.

Fig. 10 Counter� ow jet � ow pattern: SPM.

Fig. 11 Counter� ow jet � ow pattern: LPM.
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The ef� ciency of plasma jet ejection in reducing drag may be
estimated by comparing drag power to input power. Thus,

´ D 1CD ¢ q ¢ S ¢ V=Q j

where 1CD is the reduction in drag coef� cient due to the plasma
jet from the value for the same body with the plasma jet off, q is
the freestream dynamic pressure, S is the frontal area of the model,
V is the freestream velocity, and Q j is the electrical power used to
develop plasma jet.

The value of ´ has been calculated for the tests discussed herein.
At a freestream stagnation pressure of 1 atm, the LPM jet gave
´ D 1:98. For the SPM, this parameter was 0.5. This conclusively
demonstrates the drag bene� ts of the LPM con� guration. With
� ight-weightplasma generatorunits, this gain can be translated into
more ef� cient drag reduction of hypersonic cruise vehicles such as
blunted shapes for which the nose pressure drag is a dominant part
of the drag buildup. Such drag reductions could have a substan-
tial impact on aerodynamic ef� ciency (L=D) and result in higher
payloads as well as reduced mission cost.

Qualitative Interpretations and Trends
Our calculationsgive trends similar to those observed by Romeo

and Sterret22;23 for cold jets. They show bifurcations as well as
qualitative details of the observed � ow patterns reported by these
authors.

For counter�ow jets, the jet speci� c impulse (per area unit) is
higher than the impulse in the external stream downstream of the
normal shock wave. This consideration suggests as a governing
parameter P D P0 j =P 0

0 f , which occurs in our calculations, where
P0 j is the stagnation pressure in the jet and P 0

0 j is the stagnation
pressure downstream of the normal shock wave.

SPM and LPM Regimes
The role of jet exit Mach number and temperature, as well as the

ratio of nozzle to rim diameters, will be suppressed in this part of
the discussion. (In all of our calculations, this ratio was assumed to
be in the range 0.2–0.25.)

Although SPM and LPM are the major modes, transitional
regimes between these modes also exist. In particular, our exper-
iments indicate different SPM regimes as shown in Fig. 12, which
is also a validationof our computationalmodel againstexperimental
data for prediction of jet penetration and drag. We conjecture that
these regimes are affected by P .

For low momentum of the jet compared to that behind the shock,
SPM occurs. Here, the counter� ow jet forms a reverse-circulation
region whose slip line/shear layer reattaches on the side surface
(Fig. 10).

An LPM regime forms when part of the jet is supersonic with a
stable multibarrel shock structure. This can occur when the jet has
suf� ciently high momentum compared to that of the � ow behind
the normal shock. In this regime, the jet penetrates the � ow ahead
of the bow shock wave of the body with the jet off (jetless case).
This creates a new oblique shock structure ahead of the bow shock
that is altered from the jetless case. Our calculations suggest that a
necessaryconditionfor this regime’s stability is reattachmentof the
eddy slip line on the rim face in contrast to its conical or cylindrical
surfaces. The jet seems to be associated with a toroidal vortex and
almostconstantpressureinside the reverse-circulationregionshown
in Fig. 11. In our calculations, existence of this eddy is connected
with the bifurcation of the � ow at the reattachment point. These
remarks pertain to the case considered in this study in which the
jet diameter is small compared to the front face diameter. This case
contraststo that consideredby Romeo and Sterret,22;23 where the jet
and frontal diameters are nearly the same and the rim is small.

From the computations, one can see that the attachment point
can move along the � at face containing the jet exit. As soon as the
attachment point migrates to the side surface, the pressure in the
recirculation zone decreases. This causes a decrease in size of this
zone and, correspondingly, in attachment point migration back to
its original position on the � at face. This bistable equilibrium is
subsequently recycled into an oscillation unless a trigger such as

Fig. 12 Movie stills of LPM mode.

a downstream pressure perturbation disrupts it. If the jet becomes
strongly underexpanded, the � ow may transition directly to SPM.
As a rule, the oscillation of the attachment point position near the
boundary of the � at face causes LPM perturbations involving peri-
odic changes of its structure and length. Although opportunitiesfor
these oscillations to occur, the LPM can be quite stable, as shown
in Fig. 12. These movie stills from our tests show high dynamic
stability of the jet in the LPM mode from an initial transient. This
stability has practical implications for drag reduction practical ap-
plication on blunt hypersonicvehicles where the forebody drag can
have a major impact on payload.

For high P (strongly underexpanded jet), a single SPM shock
forms again, in contrast to the split LPM con� guration.

Jet Exit Mach Number Effects
The following discussion is based on our experiments and calcu-

lations.

Ma > 1
If the counter� ow jet is supersonicand weakly underexpandedor

overexpandedat the nozzle exit, multiple cells can arise. A weakly
underexpanded jet exhibits small area changes along its length.
Some perturbations cause Mach number increases with reduced
pressure and shrinkage of the jet. This causes its speci� c impulse
to grow, giving increased penetration.Strongly underexpandedjets
exhibit substantial area increase, resulting in a speci� c impulse de-
crease, producing a shock wave upstream of the jet. If the impulse
decreases still further, the � ow reverts to the SPM regime. If the
supersonic jet is weakly overexpanded, its cross section decreases.
This leads to an increased speci� c impulse and an LPM con� g-
uration. Strongly overexpanded jets create a normal shock with a
decreased speci� c impulse that leads to SPM.

Ma D 1
For sonic jets, supersonic and subsonic conditions can occur up-

stream of the jet similar to Laval nozzle � ow. A weakly underex-
panded jet can expand, giving supersonic � ow. This leads to LPM.
SPM can occur for strongly underexpandedor overexpanded jets.
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Ma < 1
Here, the LPM regime can be associated with a convergent lip

angle with accelerationto critical conditionsand an upstreamthroat
and fartherupstreambehavioralreadydiscussedfor the chokedcase.
We have observed this behavior in our computations but only for
high-temperatureexperiments.

To summarize, LPM � ow in our calculations was observed for
supersonic jets whose pressure differs little from the external jet
pressure.It is not very importantwhether the nozzleexit is subsonic,
sonic, or supersonic. If conditions exist for a supersonic transition
and the jet is generally weakly underexpanded, LPM can occur.
Thesearenecessarybut insuf� cientconditions.An associatedvortex
seems also to be a feature of this � ow.

Effects of Separation
Some interesting studies that are useful in understanding the ef-

fect of the separatedregion in the LPM mode stem from the work of
Ehrich,24 who extendedthe Zhukovskihodographmethoddiscussed
by Milne-Thompson25 to in� nite slot two-dimensional (planar) jets
in a cross� ow. The closed-form solutions in Ref. 24 include coun-
ter� ow jets as a special case. For the latter, penetration was limited
if the � ow was attached to the outside of the slot. In contrast, the
penetrationbecame in� nite at a � nite jet-to-freestreamvelocityratio
if the jet was separated over the slot. These effects are relevant to
the discussion herein as well as those in Refs. 26 and 27.

Summary
Results of experimentaland numerical studies of the in� uence of

a thin counter� ow, high-temperaturejet on the aerodynamiccharac-
teristics of a blunted body in supersonic � ow have been presented.

The experiments were conducted with plasma jet injection into
supersonic and low hypersonic freestreams.They includedbalance,
pressuredistributionmeasurements,video and photographicvisual-
ization, and schlieren pictures.Two stable regimes of the plasma jet
� ow resembling ordinary perfect gas counter�ow jets were found.
These are SPM and LPM into the freestream. LPM produced the
only substantial drag reduction, which was especially strong for
transition from SPM to LPM.

Experimentalpressuredistributionsover the surfaceof a truncated
cone–cylinder model in the presence of a plasma jet were obtained.
These distributions represent the � rst data of this type for onboard
plasma jets and should be useful for separatingaerodynamicheating
from plasma physics phenomena in aerodynamic augmentation.

The experimental results were compared to Euler perfect-gas,
hot-jet CFD models. Both SPM and LPM were obtained with these
simulations. On the basis of our calculations, we believe that the
bifurcation is driven by interaction of separated � ow regions and
the delicate role of reattachment points that interact with the � ow
and shock system on a global scale. These can be driven by the noz-
zle cavity � ow and oscillations from the plasma generator. From a
different perspective, we believe that the bifurcation is related to a
nonuniqueness of the steady-state boundary value problem for the
gasdynamicequationsof motion, which may be an eigenproblemin
a bifurcation stability sense. This indeterminacy relates to the clas-
sical incompressible problem of oblique collision of jets, which is
nonuniqueto within an unknownconstant.This nonuniquenessis re-
lated to the need to incorporatethe � ow historythroughdeterminism
to assess the current state of the collidingjet � ow. In this connection,
conventional time-marching CFD codes may give path-dependent
solutions rather than unique time asymptotics, due to a number of
factors including stability of the temporal solution that might be
an asymptotically bistable oscillationbetween the bifurcationSPM
and LPM modes. We have correlated the LPM–SPM switch to a
change in the position of the reattachment.We noticed migrationof
the attachment point from the forward face containingthe jet exit to
the inclined face and correlated this with LPM and SPM.

The numerical results are in reasonable agreement with the ex-
perimental data for supersonicfreestreams, for both pressuredistri-
butions and drag, if the key stagnation pressure parameter P was
adjusted within the experimentally observed range. This suggests
that the dominant physics is � uid dynamics and that the plasma
effects are relatively small at moderate supersonic Mach numbers.

In particular, the large drag reductions associated with the LPM re-
sult from the resulting suction on the forward facing parts of the
cone cylinder, namely, the conical face. Nevertheless, aerodynamic
heating that controls much of the moderate Mach number � ow has
an important link to plasma processes, which are the only means
of producing the intense energy densities and high temperatures in
the plasma jet. These temperatures can be several thousand degrees
Kelvin higher than those of conventionally heated jets. For hyper-
sonic cases, the agreement of calculation and experimental results
is only qualitative. We believe that this uncertainty is partly caused
by plasma effects that were not taken into account.Future work will
be focused on this aspect.
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