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A Short Review of Microwave

and Laser Discharges

for Supersonic Flow Control

Energy deposition by electromagnetic discharge (e.g., arc, laser, microwave) is

an emerging field of research in flow and flight control. Major advantages of this
approach include fast response time, capability for customization of discharge, and off-
body modification of the flow. Recent computational and experimental research in energy
deposition are described and future needs identified.

Introduction

Energy deposition by pulsed laser and microwave discharge has
received significant interest in the past several decades as a promising
technique for flow control at high speeds. In this article we present
a brief review of selected experimental and theoretical studiess
to illustrate the potential of this emerging technology. Additional
information may be obtained from several recent reviews including
Zheltovodov [30], Fomin et al. [7], and Knight [12].

Microwave Discharge
Introduction

The phenomenon of pulsed microwave discharge (breakdown) in air
is characterized by a bright flash of light and formation of a complex
plasma structure depending on the microwave frequency (wavelength)
and ambient pressure. An example of the variety of plasma shapes is
presented in figure 1 from Kolesnichenko [13]. The Paschen curve
(MacDonald [19], Fridman and Kennedy [8]) defines the breakdown
electric field strength £ as a function of the product of the ambient
pressure p and microwave wavelength 1. An extensive literature on
microwave discharge is available; for example, see Lebedev [17, 18].
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Figure 1 — Types of microwave discharges [13]. DSZ: discharge with straight
channels, WSZ: discharge with curved channels, TWSZ, TSZ: variant of WSZ
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We summarize the results of three experiments on the interaction of a
microwave discharge with a test model in supersonic flow. The flow
conditions are summarized in table 1. Kolesnichenko et al. [15] and
Lashkov et al. [16] performed experiments at St. Petersburg State
University, Russian Federation. Exton et al. [6] conducted experiments
at NASA Langley Research Center, Hampton, Virginia.

Quantity K2001 E2001 L2004
Mach number 1.7 6.0 2.1
Stagnation pressure
(kPa) 39.5 631 30.5
Stagnation
temperature (K) 316 374 300
MW frequency
(GHz) 9 16 9
MW peak power
() 210 425 210
MW pulse (us) 1.2-22 3.5 1.2

Table 1 — K2001: Kolesnichenko et al. [15]. E2001: Exton et al. [6].
L2004: Lashkov et al. [16]

Kolesnichenko et al. 2001

Kolesnichenko et al. [15] conducted a series of experiments to examine
the interaction of a microwave-generated plasma on the drag of a blunt
cylinder at Mach 1.7 at a freestream static pressure p_ =8kPa and
static temperature 7_=200K. The microwave pulse was generated
by a klystron operating at 9 GHz with peak power of 210kW and pulse
duration r=1.2 to 2.2us. The estimated reduced field £/N (where E is
the magnitude of the electric field and N is the particle concentration) is
80 to 100 Townsend. The discharge generated multiple plasmoids (up
to three) upstream of the blunt cylinder which convected downstream
at approximately the freestream velocity. The plasmoids were initially
formed on the centerline of the cylinder upstream of the blunt body shock.
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Schlieren images of the interaction are shown in figures 2(a) and 2(b)
where the flow is from right to left. The blunt body shock generated
by the blunt cylinder is visible. At t=21 s the plasmoid has reached
the blunt body shock causing a lensing forward (i.e., upstream) of the
shock. The experimental surface pressure on the cylinder face at the
centerline vs time is shown in figures 3(a) and 3(b) for air and CO,,
respectively, for models of differing diameter. In all cases a dramatic
reduction in surface pressure is observed resulting in a momentary
reduction in drag.
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Figure 3 — Surface pressure vs time for microwave discharge
(AD means “aerodynamic”) [15]

Exton 2001

Exton et al. [6] conducted an experiment to examine the interaction of
a microwave-generated plasma with a blunt cylinder at Mach 6 at a
freestream static pressure p, =0.4kPa and static temperature 7, =70K.
The microwave pulse was generated by a Ku-band klystron (15.8 -17.3
GHz) with a peak power of 425 kW and pulse duration z<3.5us. A 10-
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mGi®°Sr radioactive source emitting 0.54 MeV electrons was used as
an initiator for the discharge. The experimental configuration is shown
in figure 4. The duty cycle was 0.001 implying no interaction between
individual pulses. Figure 5 displays a time-averaged Schlieren image.
The microwave discharge is focused just upstream of the shock wave,
and has no apparent effect on the shock standoff distance. The plasma
becomes reflective to microwave radiation during the early stages of
the microwave pulse due to the increase in the electron concentration,
thereby creating an effective plasma mirror.

Bow shock
/— Initiatior (*°Sr)
Alumina window

V=1050 m/sec
—_—

N~4x10"cm

3torrat 70 K

Microwave
horn

Flexible
wave-
guide

| N=2.3x10'%cm?
150 Torr at 600 K

Figure 4 — Experimental configuration for microwave discharge [6]

Surface plasma
Main plasma

E

B Source

Subsidiary plasmas
Scattered
light

/

f | <— Flow
Microwave
horn (Ku)

¥~ Bow shock

<— Safety screens —»

Precursor Plasma at Mach 6
Figure 5 — Schlieren image for microwave discharge [6]

Lashkov ef al. 2004

Lashkov et al. (2004)[16] conducted experiments to evaluate the
interaction of a microwave discharge on blunt and hemisphere cylinders
at Mach 2.1 in air at a freestream static pressure p_=3.3 kPa and
static temperature 7 =159 K. The microwave generator described in
Kolesnichenko et al. [15] was used. The plasmoids were similarly formed
initially on the centerline of the cylinder upstream of the blunt body shock.

Schlieren images for the interaction of the microwave-generated plasma
with the blunt cylinder are presented in figure 6 for r=20 us to 140 us.
The lensing forward of the shock seen in figures 6(c) to 6(f). The shock
standoff distance at the centerline increases to nearly twice the undisturbed
distance. The experimental pressure on the cylinder centerline, shown in
figure 8(a), decreases from 28.7 kPa prior to the interaction to 9.3kPa
at r=150 ws due to the interaction, resulting in a significant momentary
reduction in pressure drag on the cylinder.
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Figure 6 — Schlieren images for microwave discharge
upstream of blunt cylinder [16]
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Figure 7 — Schlieren images microwave discharge
upstream of hemisphere cylinder [16]
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Schlierenimages of the interaction of the microwave-generated plasma
with the hemisphere cylinder are shown in figure 7. The interaction is
similar to the blunt cylinder experiment of Kolesnichenko ef al. [15].
The plasma causes the blunt body shock to lens forward beginning
at r=60 us. The centerline pressure (figure 8(b)) displays a similar
dramatic decrease at /=100 s due to the interaction of the plasma
with the blunt body shock.

The effect of off-centerline initial location of the microwave-generated
plasma was examined. Off-axis displacement up to D (where D is the
cylinder diameter) were considered for the blunt cylinder. An impulse
function was defined

Iy

I= I(pCL (t)—po (t))Adt (1)

0

where p, (2) is the time-dependent centerline pressure on the cylinder
due to the interaction, p is the undisturbed centerline pressure, 4
is the cylinder frontal area and ,is the duration of the interaction. It
was observed that 7<0 for displacements less than 0.15D (i.e., drag
reduction) and 7>0 for displacements greater than 0.15D (i.e., drag
increase).

Laser Discharge
Introduction

The phenomenon of pulsed laser discharge (breakdown) was
discovered in the 1960s [4, 20, 21, 22, 23]. The discharge is
characterized by a bright flash of light at the focus of the laser beam
and a sharp noise (“crack”). Three successive phases occur in the
discharge which is typically tens of nanoseconds to microseconds in
duration. The first phase is multi-photon ionization wherein multiple
photons are absorbed by gas atoms resulting in ionization and release
of electrons [10]. The second phase is inverse bremsstrahlung
and cascade ionization wherein the free electrons gain energy by
absorption of photons and ionize neutral particles leading to a cascade
growth of free electrons and ions. The final phase is the formation of a
plasma (ionization) wave due to the heating of the gas by the incident
laser radiation and propagates towards the laser source [26].

100 [l LA e >
: : : : : : : : : 2
50 f----- — e - -
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Time, us Time, us
(a) Cylinder (b) Sphere
Figure 8 — p vs ¢ on centerline of body for microwave discharge [16]
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Figure 9 — T at =20 us to 1000 ks for laser discharge [9]

Subsequent to the discharge phase, a blast wave forms due to the
high pressure and temperature generated by the laser discharge. The
blast wave becomes spherical at distances large compared to the
laser discharge focal volume and the pressure rise decreases with
distance from the discharge. The plasma wave formed during the
discharge generates a jet directed toward the laser source forming a
toroidal vortex. The temperature in the plasma decreases in time due
to mixing and radiation. Figure 9 from Glumac et al. [9] displays the
measured temperature for a 150 mJ Nd:YAG (532 nm) discharge of
6.5 ns in air at ambient conditions. Detailed reviews of laser discharge
in gases are presented in Raizer [27], Ostrovskaya and Zaidel [25] and
Morgan [24].

We summarize the results of three experiments on the interaction
of a laser discharge with a test model in supersonic flow. The flow
conditions are summarized in table 2. Tretyakov ef al. [29] performed
experiments at the Khristianovich Institute of Theoretical and Applied
Mechanics in Novisibirsk, Russian Federation. Adelgren et al. [1]
conducted experiments at Rutgers, The State University of New Jersey.
Schiilein et al. [28] performed experiments at the German Aerospace
Center DLR in Géttingen, Germany.

Quantity T1996 A2005 52010
Mach number 2 3.45 2.0
Stagnation pressure
(kPa) 450 1400 180
Stagnation
temperature (K) 293 290 270
Laser pulse
Sfrequency (kHz) 12.5t0 100 n/a n/a
Laser pulse duration 1200 10 5
(ns)
Body diameter (mm) 6.0 254 60

Table 2 — T1996: Tretyakov et al. [29]. A2005: Adelgren et al. [1].
S2010: Schilein et al. [28]
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Tretyakov et al. 1996

Tretyakov et al. [29] measured the drag on a cone-cylinder and
hemisphere-cylinder at A7 =2 in argon using a high frequency CO,
laser discharge upstream of the body. The experimental configuration
is shown in figure 10 and the experimental conditions are indicated in

table 2.
| 2l
i E T
= — : D R N
1 Z 5 9

7
N

KE

]

1-C0, laser 2-focusing lens 3— plenum chamber 4- nozzle unit 5- working chamber
6- diffuser 7— exhaust chamber 8- model 9- aerodynamic window

Figure 10 — Experimental configuration for laser discharge [29]

The distance  of the focal point of the laser discharge from the test model
was varied between one and two diameters upstream on the centerline.
The measured drag (figure 11) shows a substantial reduction up to 45%.
The parameter L is the distance of the body from the nozzle exit. The effect
of the location and frequency of the laser discharge can be understood by
replotting the data in terms of the dimensionless pulse period

U

TTh @)

where fis the pulse repetition frequency, U, is the freestream velocity
and | is the distance of the laser focus to the test model. The parameter
7 is the ratio of the elapsed time between pulses to the time required
for the freestream flow to travel between the pulse location and the
leading edge of the body. Results shown in figure 12 indicate that the
maximum drag reduction is achieved at z=1.
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Figure 11 — Drag coefficient ratio vs frequency for laser discharge [29]

Adelgren et al. 2005

Adelgren ef al. [1] investigated the interaction of a laser discharge
in air with a sphere at Mach 3.45. The experimental configuration
is illustrated in figure 13 and the experimental conditions are listed
in table 2. An Nd:YAG (532 nm) laser was focused upstream of a
hemisphere cylinder onthe centerline. The focal volumeis approximately
3.0mmé. Discharge energies from 13 mJ to 283 mJ were considered.
Experiments were performed with and without an impinging oblique
shock wave (generated by the 15° compression ramp indicated in
figure 13) intersecting the blunt body shock generated by the sphere.

Results for the interaction of a 283 mJ laser pulse with the sphere
are shown in figure 14. The bright spot indicates the location of the
laser discharge (figure 14(a)) and remains in all subsequent images
due to saturation of the CCD camera. The blast wave generated by the
discharge impacts the sphere at r=30us (figure 14(b)). The heated
plasma intersects the blunt body shock causing it to lens upstream while
a toroidal vortex forms (figure 14(c)). Eventually the plasma convects
downstream and the flow returns to steady state (figure 14(d)).

0.6 —

04— <« cone-cylinder /D=1
> cone-cylinder //D=2

02— o hemisphere-cylinder //D=2

0.0 I I I I I I I
0 1 2 3 4 5 6 7

Figure 12 — Drag coefficient vs ¢ for laser discharge [29]
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290 K Stagnation Temperature

) R <
Figure 13 — Experimental configuration for laser discharge [1]
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Figure 14 — Schlieren images of interaction of laser discharge (283 mJ) with sphere [1]
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Figure 15 displays the surface pressure on the forward face of the
hemisphere vs time where the surface pressure is normalized by the
stagnation pressure Po, ON the sphere in the absence of the laser
discharge. The impact of the blast wave on the sphere results in
an initial pressure rise z=30 xS followed by an sudden expansion.
The interaction of the plasma with the blunt body shock generates
a recompression and the pressure relaxes to its steady state
distribution. The temporal history of the centerline pressure for three
different energy pulses is shown in figure 16. The initial peak pressure
associated with the impact of the blast on the sphere increases with
laser discharge energy; however, the minimum pressure achieved
during the expansion is insensitive to the laser discharge energy.

Steady state distribution

Recompression
~N.
> Dynamic decay
Pl

a0 O
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=y

O Pressure, p/p,

Figure 15— p/ p,, vs ¢ on front surface for interaction of laser dischage
with sphere [1]
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Figure 16 — Centerline pressure vs time for different laser pulse energy [1]
Schiilein et al. 2010

Schiilein et al. [28] performed an experimental investigation of the
interaction of single- and double-pulsed laser discharge in air with
a hemisphere cylinder at Mach 2. The experimental configuration is
shown in figure 17 and the experimental conditions listed in table 2.
An Nd:YAG (532nm) laser was focused through the centerline of
the hemisphere cylinder to a point upstream. The focal volume is
approximately ellipsoidal with major axis of 1 mm and minor axes of
0.2mm. Discharge energies from 151 mJ to 666 mJ were considered.

Experimental shadowgraphs for 9=333mJ are shown in figure 18.
Figure 18(a) indicates the heated region formed by the laser discharge,

Aerospacelab

the blast wave which has rapidly assumed a spherical shape and the
blunt body shock ahead of the hemisphere. The blast wave expands
radially outwards from the initial location of the laser discharge.
Figure 18(b) shows the instant of blast wave impact on the centerline.
At instant earlier the blast wave intersected the blunt body shock and
a transmitted shock propagated into the space between the blunt body
shock and the hemisphere. Note that the plasma has not yet reached
the blunt body shock. Figure 18(c) shows the instant of intersection
of the plasma with the blunt body shock which lenses forward due to
the lower Mach number of the heated region. Figure 18(d) displays
the toroidal vortex formed by the Richtmyer-Meshkov instability
associated with the intersection of the boundary of the heated region
with the blunt body shock.

Optical Convex =

L] discharge lens
Supersonic 2 S . . e = Internal
flow > 3,E& mirror

s
< L”d >
Test model
Planar window
Nd:YAG Laser Extgrnal
Surelite PIV Il Laser beam mirror
532 nm, 10 Hz, double-pulse

Figure 17 — Experimental configuration for laser discharge [28]

(@) Heated region (H), blast wave (BW)
and blunt body shock (BBS)

(b) Impact of blast wave on hemisphere

(c) Intersection of heated region
with blunt body shock

(d) Richtmeyer-Meshkov instability
and formation of toroidal vortex

Figure 18 — Experimental shadowgraphs for single laser discharge O=333mJ [28]

Modeling
Introduction

The physical processes associated with pulsed laser or microwave discharge
in air are complex, involving finite rate chemical reactions, real gas effects,
radiation and plasma dynamics. A complete description of these phenomenais
therefore difficult, and therefore modeling of such pulsed discharges is typically
simplified based upon a variety of assumptions. We present three selected
examples of models. Kandala and Candler [11] developed a realistic model
of laser discharge and applied the model to the simulation of the interaction
of the discharge plasma with a hemisphere and an Edney IV interaction.
Azarova et al. [3] and Anderson and Knight [2] applied a simpler perfect
gas model to the interaction of a microwave discharge with a blunt cylinder.
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Kandala and Candler

Kandala and Candler [11] simulated the interaction of a laser discharge
with a sphere and an Edney IV interaction (Edney [5]) corresponding to the
experiments of Adelgren et al. [1]. The laser discharge model assumes the
existence of a small concentration of electrons (i.e., assumes multi-photon
ionization has occurred) and approximates the inverse-bremsstrahlung
absorption by absorptivity coefficient « . The intensity 7 of the laser radiation
in the beam direction x is

dl
el 3
dx Ka )

The absorption coefficient is

K, =2N, (1 — g eI MM ) (4)

where X is the characteristic interaction cross-sectional area, N, is the
electron concentration, % is Planck’s constant, ¢ is the speed of light, 4
is the laser wavelength, & is Boltzmann’s constant and 7' is the electron
temperature. Since the laser-generated plasma becomes opaque to the
radiation with increase in the electron concentration, a reflectivity coefficient
is implemented

K, = A(logZ +B) (5)

where 0<x <1 and Z is the degree of ionization. The values of =, 4 and B
are determined by comparison of the computed and experimental blast wave
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Figure 19 — r/ po and g/ g, vstforlaser discharge [11]
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Figure 21~ p/ p,, and g/ q, vstforlaser discharge [11]
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forthe laser discharge in ambient air. The laser radiation model was coupled
with an eleven species model for air (N,, 0,, NO, N, O, N+2, 0+2, NO*, N*,
0* and electrons). The governing equations include the conservation of
mass for each specie and mass-averaged momentum, and conservation
of vibrational, electronic and total energy.

Kandala and Candler simulated a 160mJ Nd:YAG laser discharge and its
interaction with a sphere at Mach 3.45 corresponding to the experiment of
Adelgrenetal. [1]. Thelaser discharge was focused upstream of the sphere onthe
centeriine. Figure 19 displays the computed surface pressure and heat transfer on
the centerline vs ime where » and g, are the centerline pressure and heat transfer
inthe undisturbed flow. The initial increase in pressure and heat ransfer at /=25 s
corresponds to the impact of the blast wave on the sphere. The subsequent
reduction in both pressure and heat transfer is due to the interaction of the plasma
with the blunt body shock resulting in a lensing forward of the shock and expansion
wave impacting the sphere. As the plasma convects towards the sphere the
surface pressure increases; however, a significant spike in heat transfer is noted.

Kandala and Candler performed several simulations of a laser discharge and
its interaction with an Edney IV flowfield at Mach 3.45 corresponding to the
experimental configuration of Adelgren et al. [1]. Different focal locations of
the laser discharge were considered (figure 20) to determine the effect on the
surface pressure and heat transfer. A typical result for the surface pressure and
heat transfer on the centerline is shown in figure 21. The behavior is similar to
the interaction with the sphere alone. Results for different laser focal locations
are presented in figure 22 and suggest that an optimal location for the laser
discharge may be obtained.

Peak
Pressure
Region

o Energy deposition location

Figure 20 — Laser discharge [11]
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Figure 22— p/ p, and g /q, vs ¢for laser discharge [11]
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Anderson and Knight

Anderson and Knight [2] simulated the interaction of pulsed heated
filaments with a blunt cylinder at Mach 1.89. The flow configuration
is shown in figure 23. The flow parameters (table 3) were selected to
correspond to the microwave discharge experiments of Kolesnichenko
et al. [14]. The microwave-generated plasmas were modeled as
instantaneously generated filaments defined by density ratio p,/p,,
diameter d/D, length I/D and period L/D where D is the diameter
of the cylinder. The simulations were based upon the compressible

laminar Navier-Stokes equations for a perfect gas.
> D

Energy Pulses

d%m /\
“
+—>

L

Figure 23 — Flow configuration [2]
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Figure 24 — L/D=1 (infinitely long) filament [2]
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Figure 25 — L/D=4/3 filament [2]
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Quantity Symbol Value
Mach number M, 1.89
Reynolds number Re, 7.0.10¢
Density ratio o 0.5

Filament diameter d/D 0.1
Filament length /D 1.0
Filament period L/D 1.0to 4

Table 3 — Flow Parameters

Simulations were performed for four different filament frequencies L/D
with a fixed filament length /D=1, diameter &/D=0.1 and density ratio o
(table 3). Figures 24 to 27 display instantaneous numerical schlieren
images (left) and time-averaged streamlines and velocity magnitude
contours (right) for four different filament discharge frequencies L/D.
The instantaneous images display the lensing upstream of the blunt body
shock, formation of a free shear layer due to the interaction of the density
interface of the filament with the blunt body shock, and Kelvin-Helmholtz
instability. The time-averaged streamlines display the formation of a
recirculation region upstream of the cylinder face, and in the particular case
L/D=4/3 the movement of the stagnation point off the cylinder centerline.
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Figure 26 — L/D =2 filament [2]

,
1k
bow shock ;
expansion
05 L
shock
- . lens
incoming recompression
filament shock
0 J
-1 0.5

Figure 27 — L/D =4 filament [2]

The interaction of the pulsed filaments with the blunt cylinder results in
an average reduction in frontal drag at a significant savings in energy.
Figure 28 displays the effectiveness ¢ defined as the ratio of the average
reduction in frontal drag to the baseline (undisturbed flow) drag. Drag
reduction up to 40% is observed, with decreasing effectiveness with
increasing filament period Z/D. Figure 29 shows the efficiency defined as
the ratio of the average energy saved due to frontal drag reduction to the
energy required to generate the filaments. Efficiencies of a factor of 100 are
obtained. Although the filament temperatures are higher than the ambient
freestream temperature, there is no detrimental effect on the surface heat
transfer to the cylinder face. Figure 30 presents the ratio of the average
heat transfer to the cylinder face due to the interaction of the filaments to
the undisturbed heat transfer to the cylinder face. Indeed, the average heat
transfer is reduced for L/D=4/3 due to the movement of the stagnation
point off the cylinder face (figure 25).

Aerospacelab
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Figure 28 — Effectiveness vs L/D [2]
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Figure 29 — Efficiency vs L/D [2]

Azarova, Knight and Kolesnichenko

Azarova et al. [3] performed a series of simulations of the interaction
of an infinitely long heated filament with a blunt cylinder similar to
figure 23. The infinitely long filament models repetitive microwave
discharges and is characterized by the density ratio p /p and diameter
d/D where D is the cylinder diameter. The flow conditions are indicated
in table 4. The computations were based on the compressible Euler
equations.

Quantity Symbol Value
Mach number M, 1.89 and 3
Density ratio o 0.41t00.6

Filament diameter d/D 0.1, 0.125, 0.25
Filament length /D 0
Table 4 — Flow Parameters
0.4
0.3
0.2 7
0.1
-V 1
0 1 1 1 |l 1 1
0 01 02 03 04 05 06 07 08
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0 01

Figure 31 — Density contours for M =1.89, a=0.5, d/D=0.25 [3]
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Figure 30 — Heat transfer parameter vs L/D [2]

Contours of density contours at specific times are shown in figure 31
for M,=1.89, a=0.5 and &/D=0.25. A Richtmyer-Meshkov instability
develops due to the intersection of the heated filament with the blunt body
shock (figure 31(a)) forming a single toroidal vortex (V) and lambda shock
(P). The bow shock (BS) moves upstream due to the lower Mach number in
thefilament (M = [, o M, =1.34). Asthe filament penetrates to the cylinder,
a Kelvin- Helmﬁoltz (KH) mstablllty develops due to the slip line (contact
discontinuity) generated at the intersection of the boundary of the filament
with the blunt body shock. Thereafter a spatially periodic train of vortices
forms along the contact discontinuity due to the Kelvin-Helmholiz instability.

A periodic instability forms subsequent to the initial transient. Figure 32(a) shows
the location of the blunt body shock on the cylinder axis X (#) (note the absolute
scale in figure 31(a) and the location of the blunt body shock (BS) onthe cylinder
axis). The mean shock standoff distance on the centerline due to the filament
4,=1.6 4 where 4 is the shock standoff distance in undisturbed flow. The
amplitude of oscillation of the shock standoff distance is approximately 0.16 4.
The location X, and magnitude of the maximum static temperature 7 _are
also shown. The | penodlc behavior of the drag force is also evident (figure 32(b))
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Figure 32 — Instabilities at M =1.89, a=0.5, d/D=0.25 [3]

Conclusions

Energy deposition by pulsed laser and microwave discharge is an
important area of research for supersonic flow control. Experimental
and computational studies have demonstrated the capability for
significant reduction in drag on simple geometries. The energy required
for the discharge is typically quite small compared to the energy saved
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0.004 —

[ [ [
16 20 24

b) Drag force vs ¢

Future research can focus on applications of pulsed laser and
microwave discharge for flight control of supersonic and hypersonic
vehicles. The capability to substantially modify the wave structure
surrounding a vehicle by energy deposition enables new approaches
to flight control. Rather than the conventional method of deforming
the vehicle shape (e.g., by means of aileron, elevator, rudder, etc.),
the instantaneous pressure distribution on the vehicle can be changed

through drag reduction. by modifying the wave structure through interaction of pulsed

electromagnetic discharges
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