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Drag Reduction by Plasma Filaments over Supersonic Forebodies
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Inviscid � ow over a supersonic cone-cylinder with thermal plasma � laments projecting upstream of its nose is
analyzed numerically. The plasma � laments are idealized as concentric annular layer heat sources. Two limiting
cases are assumed. These are, respectively, gas pressure p and gas density ½ constant inside the layers during their
formation. For the � rst case, the drag reduction energetic ef� ciency remains less than unity for Mach numbers
M = 1.7–7 for an assumed layer con� guration. In the second, the ef� ciency becomes greater than unity for M = 2.5
and reaches its maximum value at M = 5 for an optimal layer arrangement. This con� guration consists of one
central � lament and another layer projecting from the cone surface at a radial distance from the cone axis of
symmetry one-third of the cylinder radius.

I. Introduction

R ECENT experiments1¡3 of supersonic body upstream energy
depositiondue to different dischargeshave demonstrateddrag

reductionsthat dependon the type of the dischargeand its character-
istics. Theoretical investigations for the effect of a uniform plasma
upstream of a supersonic body qualitatively con� rm � ow and bow
shock modi� cation accompanied by drag reduction.4;5 However,
uniform power input requires too much energy to obtain attractive
aerodynamic improvement.

Nonuniformplasma distributionscan providehigher energy den-
sity, resultingin plasmaswith less total input power.Streamerbreak-
down followed by high-temperature� laments is more practical for
atmospheric air than homogeneousglow discharges.The numerical
modeling of shock wave (SW) propagationthrough thermal plasma
� laments perpendicularto shocks has shown considerabledecrease
of the SW intensity.6 This can be used to weaken forebody bow
shocks.

The possibility of � lamentary discharges was observed both in
still air7;8 and in supersonic � ows3;9 for radio frequency (RF) elec-
tric � eldsapplied to spikeelectrodes.This interactionusuallyresults
in a � uctuating single streamer. Multistreamer discharges are pos-
sible using an electrode with an array of small spikes on its surface.
For this con� guration, the � laments are not randomly distributed
over the electrode surface but originate on the spikes of the elec-
trode. Typically, such � lamentary structures are avoided in favor of
uniform distributions for laser applications. It is important to note
that the aforementioned multi� lamentary mode has been observed
during these investigations.7

Self-consistent numerical modeling of multistreamer discharges
and their interaction with supersonic air� ow is a complex prob-
lem. One dif� culty is that the streamer evolution to a high-
temperature � lament has not yet been adequately simulated.
Nevertheless, it is possible to make useful aerodynamic bene-
� t assessments of multistreamer discharge con� gurations with
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simpli� ed representations of more realistic � lamentary arrange-
ments.

It is of interest whether these � laments can remain behind the
shock or just touch its rearward side without projecting into the
region upstream of itself. If the high-temperature gas � laments
“pierce” the shock, the � ow modi� cation may be due to disturbance
propagationupstream of the shock along the high-temperaturesub-
sonic channels, as indicated in Ref. 6. Whether the streamers are
upstream or downstream of the shock, the � ow can be violently
unsteady or a small unsteady modulation on an unsteady � ow, de-
pending on how the streamers are produced. Another possibility is
that the streamers represent a short impulsive � ow. A signi� cant
parameter for transient phenomena is a Strouhal number based on
the characteristicor evolution time of the streamers comparedto the
� ow convectiontime. It is conceivable that the Joule heating behind
the shockcan modify the � ow in accord with the Rankine–Hugoniot
shock relations.Crocco’s theorem indicates that signi� cant changes
in vorticitycan occur due to entropygradientsnormal to the stream-
lines from the streamers. In this paper, only the shock piercing case
is considered.

In many cases, the � laments produced are chaotic, fractal, and
tangled “bird’s nest” con� gurations. These have been seen in mi-
crowave discharges. On the other hand, collimated, nearly straight
� laments are also possible as shown in Ref. 8, where a combination
of RF and constant electric � eld was applied to a spike electrode.
This � nding as well as the need to estimate any possible aerody-
namic bene� ts motivates the research described in the present pa-
per. Our belief is that nearly straight multistreamer arrangements
can be produced to achieve aerodynamic bene� ts. This paper pro-
videsquantitativeassessmentsof sucharrangements.Detailsof their
evolutionare not emphasizedbecausethey requireconsiderablefur-
ther research, including breakdown and other transient discharge
physics.We study such � laments projectingupstream of the nose of
an axisymmetric supersonic body. In this framework, the � lamen-
tary surfaces are considered as envelopesof straight-line � laments.
Accordingly, the surfaces are considered as cylinders concentric
with the body axis of symmetry. Bow shock modi� cation and drag
changes are emphasized. Quantitative estimates are made of the
in� uence of freestream Mach number, ratio of the interlayer dis-
tance to layer width, and the frontal surface area of the cylindrical
high-temperature layers.

II. Assessment of Streamer Discharge
Filament Parameters

To distinguishdifferentphysicalphenomena,we use thenotations
commonly accepted for streamer discharges. A streamer involves
propagationof an ionizingwave in a potentialgradient.Key features
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exhibited by the streamer are that the gas temperature inside the
streamer channel does not vary during streamer propagation and
the electron concentrationis very high (1013 –1015 cm¡3, depending
on gas pressure, the initial potential gradient, and amplitude). The
streamer diameter is approximately 0.3–1 mm.

The � lament, or stem, denotes the next stage of the streamer dis-
charge development. It is accompanied by gas heating inside the
channel and evolution of a self-consistent electrical conductivity
inside a channel. The � nal stage of this development in a unipolar
electric � eld is known as a leader. The gas temperature inside the
leader is high enough (4500–5000 K) to maintain air ionizationdue
to the associative ionization reaction N C O ! NOC C e (Refs. 10–

12). Existing theoreticalanalyses deal with single-streamerchannel
developmentand streamer-to-leadertransition in an impulsive elec-
tric � eld of unchanged polarity.10¡13

Experimentally, the controlledgrowth of a high-temperaturesin-
gle � lament has been observedby Aints et al. (see Ref. 8, pp. 58–78)
for atmospheric air in a RF electric � eld. These investigations re-
veal a great contradictionin high-temperature� lament development
with the predictionsof the leaderpropagationin the unipolarelectric
� eld. According to existing theory, the leader in free space of the at-
mospheric air cannot be created for an electrode potentialvalue less
than approximately 300 kV and cannot propagate with a velocity
less than (0.5–1) £ 106 cm/s (Ref. 13). For the spike electrode RF
voltage up to 13 kV and electric � eld frequency f D 10 MHz the
stem grows with a velocity about 103–106 cm/s. Here, the observed
velocity of stem growth can be considerablyless than the minimum
velocity predicted for the leader. Furthermore, the amplitude po-
tential value (13 kV) has been observed to be much less than the
300 kV necessary for leader creation in a unipolar electric � eld at
atmospheric pressure.

In the experimentsdiscussed in Ref. 9, high-temperature� lament
propagation velocity greater than that of a M D 1:8 � ow has been
achieved for f D 27 MHz, appliedvoltageU0 ¼ 30 kV, and air pres-
sure p ¼ 100–150 torr.The temperaturein thechannelwasmeasured
to be nearly 4000 K, and the � lament diameter was estimated to be
less than 3 £ 10¡2 cm. These resultscon� rm the contradictionof the
stem development in a RF electric � eld regarding leader formation
in an electric � eld of unchanged polarity. Nevertheless, the main
point is that these results con� rm the possibility of rapid formation
of the high-temperature � laments for relatively low electric � eld
potential values.

On the basis of the experimentalresults for � lament development
in RF discharges and existing theoretical models, it seems possible
to assume that the gas temperature Ta inside the � laments is of the
order of 4000–5000 K, electron density is of the order of 1012 –

1014 cm¡3 , and electron mean energy Te
»D 1–3eV.

The plasma can be considered as a three-componentgas mixture
of neutral molecules, electrons, and ions. To describe this system,
a multicomponentgas medium approximation is appropriate. It can
be characterizedby total plasma density ½, total plasma pressure p,
average mass velocity V , and average particle temperature T in the
mass, momentum, and energy conservationequations

½ D
X

j D a;i;e

m j N j (1)

N D Na C ne C ni ; p D pa C pe C pi (2)

V D 1
½

.ma Na Va C m i ni Vi C mene Ve/ (3)

T D 1
N

.Na Ta C ni Ti C ne Te/ (4)

where ma , m i , and m e are neutral molecule, ion, and electron
mass, respectively; and Na , n i , and ne are their concentrations,
respectively.

The effective plasma temperature T for a multicomponent gas
mixture representing the plasma is close to the neutral molecule
temperature Ta for the aforementionedparameters.

Fig. 1 Physical system of two-dimensional axisymmetrical layer con-
� guration: a) half of longitudinal cross section for equidistant cylindri-
cal layers, b) schematic frontal view of equidistant cylindrical layers in
panel a, c) limiting case for n = 2 equidistant cylindrical layers, and d)
the arbitrary n = 2 case for one annular layer with central � lament.

III. Statement of Problem
To investigate the possible aerodynamic bene� ts associated with

a � lamentarystructure in front of a supersonicbody, a cone-cylinder
body shapewas chosenas an example. Concentriccylindricallayers
will be assumed to model the � lamentary structure. Accordingly,
we will hereinafter label these layers as � laments. The distance
between the layers, layer width, and � lament length will be denoted,
respectively,as d, ds , and ls . The cylinder radius R D 1 cm, and the
cone half-angle is 35.5 deg (Fig. 1).

The freestream thermodynamic and the � lament parameters re-
main invariant in all of the calculationsand are assumed to be p/ D
0:32 £ 105 Pa, ½/ D 0:613 kg/m3 , T/ D 182 K, and T f D 5000 K.

If the � lament channel (cylindrical layer) formation time ¿ f

is much less than gasdynamic-convection time ¿g » ls=V1 » 10–

100 ¹s, the gasdynamic problem for the effect of the nonuniform
� laments forward of a supersonicbody can be reduced to an initial-
value problem.

A “baseline”inviscid� owpatternthat includesa bowshockon the
supersoniccone-cylinderis computedfor thedischargeswitched-off
condition.We de� ne thedischargeswitch-ontimeas t D 0.The high-
temperature � laments are assumed to be created instantaneouslyat
this time. Accordingly, there is no energy addition (source terms
in gasdynamic equations) while the � laments are convected by the
incoming freestream � ow.

Two contrasting limits are relevant for the establishment of the
� lamentary environment. The � rst relates to the ¿ f < ds =a f » 1 ¹s
condition, where a f D sound velocity inside the � lament. In this
case the energy deposition into the streamer channel is so fast
that the gas density ½ inside the created � lament does not change,
whereas the gas temperature and pressure increase to T f D 5000 K
and p f D ½ Rg T f , respectively, where Rg is the gas constant. This
leads to t D 0 initial conditions that in the space between the � la-
ments the conditions remain undisturbed, whereas inside the � la-
ments the gas velocity and density remain undisturbed, but the gas
temperature and pressure correspond to � lamentary conditions.We
call this limit the ½ D const model for � lament development.

The other limit corresponds to 1 ¹s » ds=a f ¿ ¿ f < ¿g . Rela-
tively slow energy deposition into the streamer channel permits the
gas to expand from the initial streamer channel boundaries and to
equalize the pressure inside the � lament with that of the ambient
gas. The expanded gas increases the pressure and the density in the
� lament surrounding area.

For a � nite distance between the cylindrical layers, the resultant
pressure p after layer formation can be estimated using the mass
conservationequation

½in Sm D ½ f S f C ½.Sm ¡ S f / (5)

and thermodynamic relations

p D ½RgTin; p f D ½ f Rg T f ; p D p f (6)
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where S f D frontal surface area of the � laments, Sm D ¼ R2 is the
frontalarea of thecone,and the index“in” refers to initialgas param-
eters before � lament formation. Accordingly, Tin D T1 (½in D ½1/
for the space upstream of the cone bow shock, and Tin (½in/ is the
temperature(density) behind the shock for the space regionbetween
the bow shock and cone surface. The temperature Tin between the
� lamentary layers is assumed undisturbed in the process of layer
formation. From Eqs. (5) and (6)

p D pin

µ
1 ¡

S f

Sm

³
1 ¡

Tin

T f

´¶¡1

(7)

Accordingly,the followinginitial conditionsfor the spatial distribu-
tion of the gas parameters are relevant for t D 0 in this case: For the
space between the � laments T D Tin and ½ D p=.RgTin/, whereas
inside the � laments T D T f and ½ D p=.RgT f /. The � ow velocity
remains undisturbed, and the pressure p obeys Eq. (7) in all of
the space. We designate this limit the p D const model for � lament
development.

In the limiting case, corresponding to the inter� lament distance
being much greater than the � lament diameter (S f =Sm ¿ 1) and for
Tin ¿ T f , Eq. (7) gives

p ¡ pin ¼ pin S f =Sm ! 0

Fig. 2 Mach number contours in the � ow around a cone-cylinder for
p = const model; M = 2, ls = 2 cm, ds = 0.5 mm, and n = 5.

Fig. 3 Mach number contours in � ow around a cone-cylinder for ½ = const model; M = 2, ls = 2 cm, ds = 0.5 mm, and n = 5.

This case was considered in our previous paper,14 and we call this
approximation the idealized p D const model, which does not ac-
count for the pressure increase between the � laments at this stage
of � lament formation.

To obtain a realistic distributionof the gas conditionsdue to � la-
ment production,it is necessaryto solvea self-consistentproblemof
the gas cylindricalexpansion forced by the energy extraction inside
the � lament accounting for kinetics and electrodynamics inside the
� lament. A complex pattern of cylindrical shocks and rarefaction
waves occursbefore the pressure inside the � lament equalizes to the
inter� lament pressure.This problem is beyond the scope of this pa-
per and has to be solved elsewhere because the pressure relaxation
time can be notably greater than ds=a f .

All of the calculations in the aforementioned idealized model to
be described were performed using Godunov’s second-order accu-
racy method on a 90 £ 90 grid. The relative computationalaccuracy
was checked with a � ner 180 £ 180 grid and was not worse than
5 £ 10¡3 for mass, momentum, and energy � ux conservationinside
the computationalcell.

The left-top boundary of the computational domain has a
parabolicform (Figs. 2 and3). The � ow parameterson thisboundary
were controlled to coincide with supersonic freestream conditions.

IV. Results and Discussion
Calculated Mach number contours for a freestream Mach num-

ber M D 2 at different times during the layer convection are shown
in Figs. 2 and 3 for the p D const model and the ½ D const model,
respectively.The layers are situatedin a concentricannular arrange-
ment and project forward from the cone surface as shown in Figs. 1a
and 1b. In what follows, the number of layers will be denoted as
n. The � rst series of calculations were carried for n D 5, ls D 2 cm,
ds D 0:5 mm. These are shown in Figs. 2 and 3 where dramatic � ow-
� eld modi� cation is evident, especially for the ½ D const model.

In what follows the drag coef� cient will be denoted as

cx D 2

½1 V 2
1 Sm

Z

S

.p ¡ p1/ ds (8)

where ds D cone surface element projection perpendicular to the x
axis. Also, the drag change will be considered only for the frontal
part of the cone-cylinderbody and base drag is ignored.

Our computations show that the effect of drag change persists
during the convection time of the � lamentary structure. It is evident
from them that the time interval for drag reduction increases with
� lament length ls . Temporal evolution of the drag coef� cient cx for
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Fig. 4 Drag coef� cient vs time for 1, p = const and 2, ½ = const models;
ds = 0.5 mm; – – –, ls = 1 cm and ——, ls = 2 cm.

the cases presented in Figs. 2 and 3 is shown in Fig. 4 for ls D 1 cm
(dashed curves) and ls D 2 cm (solid curves). The initial pressure
jump due to high-temperature � lament creation induces an initial
drag increase, which is much higher for the ½ D const model than
for the p D const model. However, the subsequent drag decrease is
also much greater for the ½ D const model as shown in Fig. 4.

A power ef� ciency over time ´E is de� ned by the ratio of the drag
impulsive power to the input power that is necessary to create the
relevant � lamentary structure Q f . The drag is integrated over the
forebody-projectedarea in the freestream. Accordingly,

´E D
½1V 3

1¼ R2
R 1

0
.cx0 ¡ cx / dt

2Q f
(9)

Assume that all of the energy Q f goes into the gas heat-
ing from the initial temperature T/ to the � nal � lament tem-
perature T f . Then, Q f D ½1ls S f cv .T f ¡ T1/ for the ½ D const
model. For the p D const model d Q f D ½ls S f cpdT , which implies
Q f D .p=Rg/ls S f cp .T f =T1/. Thus, the � nal expressions for en-
ergetic ef� ciency are

´E D ° .° ¡ 1/M3T1

2.T f ¡ T1/
£

a1 S

ls S f

Z 1

0

.cx0 ¡ cx / dt

½ D const model (10)

´E D .° ¡ 1/M3

2 .T f =T1/
£

a1 S

ls S f

Z 1

0

.cx0 ¡ cx / dt

p D const model (11)

where a/ is the freestreamspeed of sound. For the assumed regular
structure of the annular concentric layers starting from the central
� lament projecting from the cone nose (Fig. 1b)

S f D ¼ R2 ds

R

µ³
n ¡

3

4

´
ds

R
C n.n ¡ 1/

³
1 C

n ¡ 1
n

ds

d

´
d

R

¶
(12)

where n D the number of layers on the cone surface (including the
central � lament), ds D the width of the layer and the diameter of the
central � lament, and d D the distancebetween the layers de� ned by
the equation

d D
R ¡ ds =2

n ¡ 1
¡ ds; n ¸ 2 (13)

The calculated ´E as a function of the � lamentary layer length for
M D 2, n D 5, ds D 0:5 mm is shown in Fig. 5 for p D const (solid
line) and ½ D const models (dashed line). The cases presented in
Figs. 2–4 correspondto the point ls D 2 cm in Fig. 5. The cumulative

Fig. 5 Drag reduction energetic ef� ciency vs layer length for p = const
(——) and ½ = const (– – –) models; ds = 0.5 mm.

Fig. 6 Drag reduction energetic ef� ciency vs relative total � lament
area for ds = 0.5 mm, ls = 2 cm: N, correct p = const model, M = 2; ²,
idealized p = const model14 (see text), M = 2; and ¦, ½ = const model,M =
6. The layer number n variation from 2 to 10 corresponds to concentric
layer con� guration covering the entire cone surface starting from the
central � lament. The n = 2 range describes the central � lament with one
peripheral annular layerat a different distance from the cone symmetry
axis.

effect of drag increase and decrease shown in Fig. 4 is almost the
same for both models, and the energetic ef� ciency is substantially
less than unity for M D 2 and n D 5.

Increasing� lament lengthdoesnot change the result dramatically
when ls > 2R D 2 cm. Attainment of ls > 2R appears impractical.
To estimate an upper bound to the aerodynamiceffect we therefore
consider ls D 2R D 2 cm in the computations to be discussed.

To investigateimprovementbeyondbreak-even(unity)ef� ciency,
we considerhow the layer positionand the interlayerdistanceaffect
the drag. The most relevant independent variable is the � lamentary
layer area ratio S f =Sm .

The dependence of energetic ef� ciency ´E vs S f =Sm for the
p D const model is shown by the triangles in Fig. 6 for M D 2,
ls D 2 cm, ds D 0:5 mm. To vary S f , we assume the constant
ds D 0:5 mm and variable interlayer distance d for equidistant an-
nular layers, with the � rst � lament being at the symmetry axis and
the last layer projecting from the edge of the cone surface as shown
in Fig. 1b. The number of layers n varies from 10 to 2 correspond-
ing to a S f =Sm decrease from 0.49 to 0.1. The n D 2 case refers
to a central � lament accompanied by one annular cylindrical layer
projecting from the cone-cylinderboundary (Fig. 1c).
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The parameter S f =Sm is decreasedfurtherusingan annular cylin-
drical layer approaching the axis of symmetry as shown in Fig. 1d.
The domain of validity of results for this case is separated from the
aforementionedone by the dashed vertical line in Fig. 6.

The results in Fig. 6 show that if the layers occupy more than
0.15 of the cone surface (n > 3 or d=ds < 8), the energeticef� ciency
weakly depends on S f =Sm .

For n decreasing from 4 to 2, ´E decreases and reaches its min-
imum value at n D 2 (S f =Sm D 0:1). Further S f =Sm decrease for
central � lament and single annular layer approaching the axis of
symmetry is accompanied by an ef� ciency increase until it reaches
the maximum value 0.55 at S f =Sm D 0:03 (d D 2:6 mm). The most
effective energy depositioncan be achieved by deploying � laments
near the noseof thecone.The radiusof thisdomain is approximately
one-fourth to one-third of the body radius for M D 2.

The results of the idealized p D const model14 for the same pa-
rameters are shown in Fig. 6 by circles for comparison with the
present more accurate model. Reference 14 can be interpreted as a
limiting case within the p D const model simulation for which the

Fig. 7 Drag reduction energetic ef� ciency dependence on the
freestream Mach number for N, correct p = const model; 4, ideal-
ized p = const model14; and ¦, ½ = const model; one peripheral annular
layer with central � lament is upstream of the cone (ds = 0.5 mm, d =
0.324 cm, ls = 2 cm, Sf /Sm = 0.0386).

Fig. 8 Mach number contours in the � ow around a cone-cylinder for ½ = const model; M = 4, ds = 0.5 mm, d = 0.324 cm, ls = 2cm, Sf /Sm = 0.0386,
and n = 2 (one annular layer with central � lament).

initial pressure jump does not exist. For M D 2, both models give
´E < 1 for all ranges of S f =Sm and layer con� gurations.

The energeticef� ciencydependenceon freestreamMach number
was analyzed for the n D 2, S f =Sm D 0:0386 (d D 3:28 mm) layer
con� guration that consists of a central � lament and one annular
layer at a distance 0.354 cm from the cone axis. This case gives an
´E greater than that for other layer con� gurations.

According to Eqs. (10) and (11), the drag reduction energetic
ef� ciency ´E should increase with increasing Mach number, ifR 1

0
1cx dt does not decrease dramatically. Figure 7 shows the ´E

dependenceon freestreamMach numberfor p D const (closed trian-
gles) and ½ D const (diamonds) models. For comparison, the results
of the idealized p D const model14 (open triangles) are also shown
in Fig. 7. A more correct formulation of the p D const model for
the idealized case considered in Ref. 14 results in ´E decreasing
with increasing M . Accordingly, the p D const model gives an en-
ergetic ef� ciency that remains less than unity for all Mach numbers
investigated.

For the ½ D const model, the drag reduction ef� ciency � rst in-
creaseswith the Mach numberuntil reachingits maximumat M D 5.
For greater Mach numbers, it decreases. The assumed � lamentary
structure in front of the supersonic body (n D 2, d D 3:28 mm) is
bene� cial for M > 3 when ´E becomes greater than unity.

The ´E dependenceon the � lamentary layer arrangement for the
½ D const model at M D 6 is shown in Fig. 6 by diamonds. Greater
than unity ´E values can be obtained only for n D 2 with a � lamen-
tary annular layer projecting from the cone surface in the vicinity
of one-third cylinder radius from the cone axis.

The � ow � eld for the ½ D const model at M D 4, correspond-
ing to the ´E > 1 case, is shown in Fig. 8. For comparison, Fig. 9
shows the � ow� eld for the p D const model for the same condi-
tions.The � ow� eld modi� cation due to forebody� lamentary layers
is more dramatic for the ½ D const model. Radial expansion of the
high-pressuregas inside layers eats up the bow shock that the body
had without the � laments and creates a new complex bow shock
structure, as shown in Fig. 8 for the instant t D 20:5 ¹s. This time
correspondsapproximatelyto that for the maximumdrop of the drag
coef� cient cx (Fig. 10; M D 4 curve).

The temporal evolution of cx and ´E is shown in Figs. 10 and 11,
respectively, for different freestream Mach numbers. The initial cx

jump is higher for the ½ D const model (solid curves) than for the
p D const one (dashed curves). However, it is compensated by ´E
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Fig. 9 Mach number contours in the � ow around a cone-cylinder for p = const model; M = 4, ds = 0.5 mm, d = 0.324 cm, ls = 2 cm, Sf /Sm = 0.0386,
and n = 2 (one annular layer with central � lament).

Fig. 10 Drag coef� cient temporal behavior for a cone with � laments
upstream of itself as in Figs. 8 and 9; ——, ½ = const model and – – –, p =
const model (ds = 0.5 mm, d = 0.324 cm, ls = 2 cm, and Sf /Sm = 0.0386).

Fig. 11 Energetic ef� ciency temporal evolution during � lamentary
convection for freestream Mach number M = 2–4; ——, ½ = const model
and – – –, p = const model; the layer structure is the same as in Figs. 8
and 9: one peripheral annular layer with central � lament (ds = 0.5 mm,
d = 0.324 cm, ls = 2 cm, and Sf /Sm = 0.038).

becoming positive earlier with the ½ D const model. Additionally,
the cx decrease and � lamentary layer convection time are much
greater for the ½ D const model, leading to a higher value of drag
reduction ef� ciency.

The maximum estimated ´E
»D 1.5 for M D 5 is not very impres-

sive. It is notably less than predictions for stationaryenergy deposi-
tion in front of a supersonic body.4;5 The initial pressure jump and
the � nite time of the heated domain convection cause this in our
unsteady formulation. Continuing energy deposition into the � la-
mentary structure creates a steady � ow that could increase the drag
reduction ef� ciency that we conjecture may surpass the ´E values
predicted by the idealized p D const model (Fig. 7), which is free
from initial pressure jump.

V. Summary
The inviscid � ow around a cone-cylinder supersonic body with

forebody � lamentary annular layer thermal structure was analyzed
numerically.The � lament parameters were estimated from existing
experimental data and physical models for streamer channel devel-
opment in streamer discharges.

Two limitingcaseswere consideredforpossiblehigh-temperature
layer creation corresponding, respectively, to the gas pressure
(p D const) and the gas density (½ D const) remainingconstantdur-
ing this process. The � ow� eld for both models gives an initial fore-
body pressure jump that decreases during the layer convection by
the incoming � ow. The cumulative effect is positive regarding the
drag reduction.The maximum drag reduction occurs with a con� g-
uration consisting of a central � lament and another annular layer
projecting from the cone surface at one-third of the cylinder radius
distance from the cone axis.

For the p D const model the drag reduction energetic ef� ciency
remainsless thanunity for the rangeof the freestreamMachnumbers
(M D 1.7–7) and the foregoing forebody layer arrangement.

If the energy input into the discharge� lament occurs fast enough,
the ½ D const model applies, and the drag reduction energetic ef� -
ciency increases with the increasing freestream Mach number until
it reachesa maximumof 1.5 for M D 5. In this case, the forebody� l-
amentary layer is bene� cial for M > 3 when the ef� ciency is greater
than unity for the optimal layer arrangement.

Our results show that the hot � lament formation processes in
streamer discharges are extremely important for aerodynamic ap-
plication and could result in ef� cient drag reduction. Ef� cient and
bene� cial applicationcould dependon the applied impulse voltage,
its time applicationrate, and the shape of the electrode.This process
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should be analyzed carefully to obtain a self-consistent model for
streamer discharge aerodynamics improvement.

The results in this paper refer to instantaneous � lamentary layer
formation followed by the convection of this structure. No energy
addition into the � lament is considered during the convection pro-
cess.Low levels of the predicteddrag reductionenergeticef� ciency
are due to adverse effect coming from an initial pressure jump. The
� nite � lamentary layer convection time restricts the compensation
of this effect by subsequent pressure and drag decrease.

Continuous energy input into a � lamentary structure should be
analyzed to estimate the drag reduction ef� ciency for a quasista-
tionary � ow� eld. In this case, a continuously maintained forebody
suction region could result in higher ef� ciency as compared to that
for the transient case studied herein.

From past evidence, it is almost certain that the drag reduction
will be less for streamlined bodies than for blunt ones such as the
35.5-deg-half-anglecone considered herein. Because blunt shapes
are practically important for hypersonic applications, the appropri-
ate parametric studies were performed in this investigation. Treat-
ment of the streamlined shapes including sharp noses should be
performed in the future with the � lamentary scheme investigated in
this effort.

Numerical simulation of the streamer channel development into
hot � lament with continuousfurther energy addition is an extremely
complicated problem. Reliable predictions can be obtained only
from a triad of experimental, theoretical, and computational effort.
Experiments for multistreamer discharge in front of the supersonic
bodies are desirable to demonstrate the aerodynamic effectiveness
of such a multi� lamentary structure.
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