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Abstract

In recent years a variety of beamed energy deposition tech-
niques have been investigated for flow control in high speed
flows. Among these, microwave energy deposition has been
demonstrated experimentally to achieve significant drag reduc-
tion for blunt body flows. A gas dynamic model for microwave
energy deposition in air is developed using 23 species and 238
reactions. The model is applied to the simulation of microwave
energy deposition in supersonic flow past a cylinder.

Introduction

In recent years Electromagnetic Local Flow Control (ELFC)
has received widespread research interest as an alternative to
conventional methods of flow control in aerodynamics. ELFC
includes a wide range of techniques including electron beam,
laser, microwave, DC discharge and Dielectric Barrier Dis-
charge (DBD), both without and with applied magnetic fields.
Numerous papers have been presented at international con-
ferences including the Weakly Ionized Gas Workshops (since
1997) in the United States, the Workshops on Magnetoplasma
Aerodynamics for Aerospace Applications (since 1999) in
Moscow, Russia, and the Workshops on Thermochemical Pro-
cesses in Plasma Aerodynamics (since 2001) in St. Petersburg,
Russia.

Three reviews have been published since the beginning of the
series of conferences cited above. Zheltovodov [17] and Knight
et al. [7] surveyed experimental and theoretical research on en-
ergy deposition for supersonic aerodynamic flow control up to
the year 2002. The majority of the research was conducted in
Russia including the former Soviet Union. The emphasis of
the research was drag reduction, and both experiments and nu-
merical simulations demonstrated conclusively that significant
drag reduction can be achieved in supersonic flow concommi-
tant with a net energy savings. Knight [8] surveyed experimen-
tal and theoretical research on Magneto Gas Dynamic (MGD)
flow control in supersonic flows up to the year 2003 with a fo-
cus on the capability for reduction of drag and heat transfer in
supersonic and hypersonic flows.

The objective of this paper is the application of a gas dy-
namic model for microwave energy deposition in air upstream
of a cylinder at Mach 2 and the interaction of the microwave-
generated plasma with the blunt body shock generated by the
cylinder.

Microwave Energy Deposition for Flow Control

Microwave energy deposition has been shown to be an effective
and energy-efficient method for drag reduction in supersonic
flows [9]. Fig. 1 displays a sequence of Schlieren images for
a microwave pulse upstream of a cylinder at Mach 2.1. The
sequence displays the initial lensing of the bow shock as the

thermal (plasma) region convects to and interacts with the bow
shock. Fig. 2 shows the experimental centerline pressurevstime
on a cylinder in Mach 2 due to the interaction of a microwave
pulse with the cylinder. A significant momentary reduction in
surface pressure (and hence drag) is evident.

Figure 1: Microwave energy deposition (time inµs) ([11])

Figure 2: Surface pressurevstime ([9])

The plasma generated by microwave energy deposition is char-
acterized by a warm ionized region surrounding a tangle of high
temperature plasma filaments [2] as shown in Fig. 3. Both ex-
periment (e.g., Kolesnichenkoet al [10]) and ideal gas number-
ical simulation (e.g., Azarovaet al. [1]) have demonstrated that
the interaction of these filaments with the aerodynamic body
(i.e., the bow shock) are the mechanism for drag reduction.
Control of the filament orientation by a laser precursor pulse
or other technique is therefore essential. Indeed, the interac-
tion of off-axis plasma filaments with blunt bodies has been
demonstrated experimentally to cause an increase (rather than
a decrease) in drag [11].

Several recent papers have examined the effect of laser energy
deposition (laser spark) as a mechanism for both initiation and
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Figure 3: Microwave filament ([2])

Figure 4: Microwave with laser ([3])

control of microwave energy deposition in air (e.g., Masheket
al. [12], Brovkin et al. [2]). In particular, Brovkinet al. [3]
have shown that a laser precursor can significantly reduce the
microwave field needed for microwave discharge in air at atmo-
spheric pressure. Fig. 4 shows the experimental results for the
effect of a 15 ns Nd:YAG laser (λ = 532 nm) precursor spark on
the microwave electric field required for microwave discharge
in air at 750 Torr. A reduction of up to a factor of three in
the microwave field is achieved. Additionally, the capability
for remote generation of the microwave discharge was demon-
strated [3].

Model for Simulation of Microwave Energy Deposition in Air

A fully three-dimensional, time-dependent gas dynamic model
for microwave energy deposition in air has been developed in-
corporating detailed kinetics and thermochemistry. The follow-
ing assumptions are employed:

1. Inviscid, non-heat conducting

2. Neglect relative diffusion of species in mass conservation

3. Neglect electron drift and diffusion

4. Neglect Lorentz force in momentum equation

5. Electric field is specified, and all properties are indepen-
dent along~E

6. Coulomb forceρc~E is omitted in momentum equation

The governing equations are listed below.

Mass

∂ρi

∂t
+

∂ρiu j

∂x j
= ω̇i for i = 1,n (1)

Momentum

∂ρui

∂t
+

∂ρuiu j

∂x j
=−

∂p
∂xi

for i = 1,3 (2)

Energy

∂ρε
∂t

+
∂

∂x j
(ρε+ p)u j = q̇ (3)

Definitions

ε = H−
p
ρ

(4)

H = h+ 1
2uiui (5)

h = ∑
i 6=e

Yihi (6)

hi = ho
fi +

Z T

Tref

cpi dT (7)

p = R T ∑
i 6=e

ρi

Mi
+NekTe (8)

ρ = ∑
i 6=e

ρi (9)

Reactions

n

∑
i=1

ν′ikMi →
n

∑
i=1

ν′′ikMi for k = 1,m (10)

whereMi represents speciesi.

Rate of Production of Species

ω̇i = Mi

m

∑
k=1

ċik for i = 1,n (11)

ċik =
(

ν′′ik−ν′ik
)

kk

n

∏
j=1

C
ν′jk
j for i = 1,n; k = 1,m (12)

Cj =
ρ j

M j
for j = 1,n (13)

Reaction Coefficients

The reaction coefficientskk are obtained, after suitable conver-
sion of units, from the reaction coefficientsKk defined by D.
Khmara [6] according to

Kk = AXnexp

(

−
B
X

)

(14)

whereX is the local gas temperatureT (deg K), electron tem-

peratureTe (deg K) or reduced fieldE
N

∣

∣

∣

r
(Townsend) depending

upon the reaction;A,n andB are constants, andN is the total
concentration (excludingNe).

Rate of Gas Heating

The rate of gas heating per unit volume ˙q is comprised of three
contributions. First, the energy lost by electrons in elastic colli-
sion with heavy particles (i.e., neutrals and ions) is [14]

q̇elastic =
3
2kTeδνeNe (15)
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whereδ = 2me/M whereme is the electron mass,M is a repre-
sentative mass for the neutrals and ions,νe = νc(1−cosθ) is the
effective collision frequency (see below), andNe is the electron
concentration. The energy lost by electrons in elastic collisions
with heavy particles is assumed to be completely transferred
into heating of the gas (i.e., the translational/rotational temper-
ature of the gas).

Second, a fraction of the energy of the reactions is assumed to
be completely transferred into heating of the gas

q̇reactions=
m

∑
i=1

αi∆hi (16)

whereαi is the fraction of the rate of change of enthalpy per
unit volume∆hi for reactioni that goes into heating of the gas.

Third, the joule heating of the gas by the imposed microwave
field is given by

q̇joule = νe
E
N

∣

∣

∣

∣

r
N VdrNe (17)

where ν is the rotational relaxation factor,e is the electron

charge, E
N

∣

∣

∣

r
is the reduced field,N is the total concentration

of species (excluding electrons), andVdr is the electron drift
velocity.

Thus, the total energy added per unit volume per unit time is

q̇ = 3
2kTeδνeNe+

m

∑
i=1

αi∆hi +νe
E
N

∣

∣

∣

∣

r
N VdrNe (18)

Reduced Field

E
N

∣

∣

∣

∣

r
=

E(xi , t)
N

µ1µ2 (19)

µ1 =

[

1+

(

q
Ne

Ncrit
e

)]−1/2

(20)

µ2 =
νe

√

ν2
e +ω2

(21)

whereq is the depolarization factor,Ncrit
e is the critical electron

concentration,ω is the microwave angular frequency (rad/sec),
and νe is the effective frequency of electron collisions with
reagents given by

νe = N Kνe (22)

where

Kνe = exp

[

9

∑
i=0

ai

(

loge
E
N

∣

∣

∣

∣

r

)i
]

(23)

whereνe is in s−1, E
N

∣

∣

∣

r
is in Townsend,N is the concentration

in cm−3 (neglecting electrons) andai are specified constants.

Equation (19) is an implicit equation forE
N

∣

∣

∣

r
and is solved by

Newton’s method. The expression forKνe is shown in Fig. 5.

Electron Temperature

Te = exp

[

9

∑
i=0

bi

(

loge
E
N

∣

∣

∣

∣

r

)i
]

(24)

whereTe is in eV, E
N

∣

∣

∣

r
is in Townsend, andbi are specified

constants. The expression is shown in Fig. 6. Electrons are
assumed to thermalize instantaneously (Te = T) whenE = 0.
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Figure 5:Kνe vs E
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∣

∣

∣

r

Drift Velocity

Vdr = exp

[

9

∑
i=0

ci

(

loge
E
N

∣

∣

∣

∣

r

)i
]

(25)

whereVdr is in cm/s, E
N

∣

∣

∣

r
is in Townsend, andci are specified

constants. The expression is shown in Fig. 7.
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Rotational Relaxation Factor

ν = do

(

E
N

∣

∣

∣

∣

r

)d1

exp

(

−d2/
E
N

∣

∣

∣

∣

r

)

(26)

whereν is dimensionless,E
N

∣

∣

∣

r
is in Townsend, anddi are spec-

ified constants. The expression is shown in Fig. 8.
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Figure 8:ν vs E
N

∣

∣

∣

r

Electric Field

E =

{

Eo
[

1− (r/ro)
2
]

f (t) 0 < r ≤ ro
0 ro < r

(27)

where r is the spherical radius andf (t) is the dimensionless
temporal behavior defined by

f (t) =







1 0< t < τo
1− (t− τo)/(τ1− τo) τo < t < τ1
0 t > τ1

(28)

Note that the electric field decreases linearly in time fromt = τo
to t = τ1.

The drift velocities of individual species are neglected due to
the high frequency of the electric field and because the electric
field vector is assumed perpendicular to the mass flow velocity.
Charge separation is neglected (and hence the Coulomb force
ρcE is omitted) because diffusion has been neglected and the
electric field vector is assumed perpendicular to the mass flow
velocity vector.

The kinetic model [5] incorporates 23 species (e−, N2, O2, NO,
N, O, N2(A3Σu+), N2(B3Πg), N2(C3Πu), N2(a

′1Σ−u ), O(1D),
O(1S), N(2D), N(2P), N+

2 , O+
2 , NO+, N+

4 , N+, O+, O−
2 ,

O− andO−
3 ) and 238 reactions. The kinetic model was vali-

dated by comparison with experimental data for microwave dis-
charge in quiescent air at 70 Torr and an initial gas temperature
Tg = 200 deg K. The model accurately predicted the final gas
temperature within 10 deg K.

The governing equations are solved using a cell-centered struc-
tured multiblock code developed by the first author. The in-
viscid fluxes are discretized using Roe’s method extended for
multiple species and including a compatability condition for
determination of the static pressure [13]. Temporal integra-
tion is performed using a second-order accurate semi-implicit
Runge-Kutta method [18]. The code is parallelized using Mes-
sage Passing Interface (MPI) [4] and runs on an AMD-64-based
cluster under Debian Linux.

Simulation of Interaction of Microwave Discharge with Flow
Past a Cylinder at Mach 2

A simulation of the interaction of a microwave energy discharge
with the flow past a cylinder atM∞ = 2 was performed. Fig. 9
shows the flow configuration and the location of the microwave
pulse. The microwave energy deposition generates a blast wave
that propagates spherically outwards while the heated plasma
convects downstream and interacts with the blunt body shock
ahead of the cylinder. The flow conditions are shown in Table 1
including the initial concentrations ofN2, O2, O+

2 ande which
were taken to be uniform in the freestream prior to the pulse.
The initial concentration of all other species was set to zero.
The cylinder diameter isD = 3 cm. The freestream conditions
correspond to recent experiments of Lashkovet al [11]). The
depolarization factorq was set to zero to simulate the formation
of the microwave filament at the core of the discharge. The dis-
charge was assumed to be spherically symmetric and centered
atxo =−3 cm upstream of the cylinder.
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Figure 9: Flow configuration

Parameter Value

M∞ 2.0
p∞ (Torr) 40.57
T∞ (deg K) 200
ρ∞ (kg/m3) 9.25·10−2

D (cm) 3
NN2 (cm−3) 1.526·1018

NO2 (cm−3) 0.406·1018

NO+
2

(cm−3) 3.0·104

Ne (cm−3) 3.0·104

Eo (kV/cm) 2.75
ro (cm) 1.5
xo (cm) -3.0
ω/2π (GHz) 10
τo (µs) 1.00
τ1 (µs) 1.01
q 0

Table 1: Flow Conditions for MW Discharge in Supersonic
Flow Past a Cylinder

The temporal evolution of the pressurep, gas temperatureT and
electron tempreatureTe at the center of the discharge is shown
in Fig. 10 together with the imposed electric field. The gas tem-
perature and pressure begin to rise rapidly att = 1 µs. The
pressure reaches a peak value of 575.5 Torr att = 1.23 µs, and
the gas temperature reaches its maximum value of 2507 deg K
at t = 1.33 µs. The temporal evolution of the gas heating con-
tributionsq̇elastic, q̇reactionsandq̇joule at the center of the microwave
discharge are shown in Fig. 11. The most significant contri-
bution during the period of microwave discharge (0≤ t ≤ τ1)
is q̇reactions which reaches a maximum value of 1.84 MW/cm3.
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The corresponding maximum values for ˙qelastic and q̇joule are
0.031 MW/cm3 and 0.31 MW/cm3, respectively.
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Figure 11: ˙qelastic, q̇reactions, q̇joule andE vs t

Figs. 12 and 13 display pressure contours1 at t = 1.55 µs and
12.1 µs after the initiation of the microwave pulse2. The blunt
body shock generated by the cylinder is evident. The plasma is
indicated by the spherical high pressure region upstream of the
blunt body shock. The blast wave propagates spherically out-
wards with a concommitant inward expansion wave resulting in
a rapid reduction of the pressure inside the plasma. The pressure
on the cylinder face at the centerline (relative to the undisturbed
pressurepo at the same location)vstime is displayed in Fig. 14.
The initial pressure rise att = 35 µs is due to the interaction of
the blast wave with the cylinder face. The subsequent expan-
sion is associated with the formation of a torodial vortex (see
below). The maximum decrease in pressure is 50 Torr which
is comparable to values achieved in experiment (Fig. 2) under
similar (but not identical) conditions to the simulation.

Figs. 15 to 19 display static temperature contours att = 1.55µs,
12.1 µs, 49.1 µs and 112.9 µs. The interaction of the hot plasma
with the blunt body shock (Figs. 16 to 17) causes a lensing for-
ward of the blunt body shock and the momentary formation of
a toroidal vortex as indicated in the instantaneous streamlines
(Fig. 18). The formation of the vortex coincides with a reduc-
tion in the surface pressure on the cylinder (Fig. 14) and is qual-

1Contour plots display only the upper half of the domain (i.e., r ≥ 0).
2The flowfield was initially converged to steady state. The mi-

crowave pulse starts att = 0 and ends att = 1.01µs.

P (Torr): 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525

Figure 12:p at t = 1.55µs

P (Torr): 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525

Figure 13:p at t = 12.1 µs
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o
(T

or
r)

0 25 50 75 100 125 150 175
-75

-50

-25

0

25

Figure 14:p vs ton centerline

itatively similar to previous computations using the Euler equa-
tions [1].

Figs. 20 to 23 display contours of atomic oxygenO at t =
1.55 µs, 12.1 µs, 49.1 µs and 112.9 µs. The microwave pulse
causes an immediate dissociation ofO2. At t = 1.55µs, the peak
concentration ofO is 6.12·1017 cm−3 which is 1.51 times the
initial concentration ofO2, thereby indicating significant dis-
sociation of molecular oxygen within the plasma formed by the
microwave beam. This level remains relatively high with a peak
O concentration of 3.91·1016 cm−3 at t = 112.9 µs.

Figs. 24 to 28 display contours ofNO at t = 1.55 µs, 12.1 µs,
49.1 µs and 112.9 µs. At t = 1.55 µs, the peak concentration
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Figure 15:T at t = 1.55µs

T (deg K): 150 200 225 250 275 300 325 350 400 600 800 1000 1250 1500 2000 2500

Figure 16:T at t = 12.1 µs
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Figure 17:T at t = 49.1 µs

Figure 18:T at t = 49.1 µs with streamlines

of NO is 2.3 ·1016 cm−3; however, byt = 112.9 µs, the peak
concentration has decreased to 5.4·1014 cm−3.
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Figure 19:T at t = 112.9 µs
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Figure 20:O at t = 1.55µs

O (cm-3): 1E+16 2E+16 3E+16 4E+16 5E+16 6E+16 7E+16 8E+16 9E+16 1E+17 2.5E+17 5E+17

Figure 21:O at t = 12.1 µs
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Figure 22:O at t = 49.1 µs
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Figure 23:O at t = 112.9 µs
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Figure 24:NOat t = 1.55µs
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Figure 25:NOat t = 12.1 µs
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Figure 26:NOat t = 49.1 µs

Figure 27:NOat t = 49.1 µs with streamlines
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Figure 28:NOat t = 112.9 µs

Conclusions

A gas dynamic model for microwave energy deposition in air
is developed. The model includes detailed kinetics and thermo-
chemistry using 23 species and 238 reactions. The model is im-
plemented in a fully three-dimensional flow code using Roe’s
method (extended for multiple species) for the inviscid fluxes
and a semi-emplicit Runge-Kutta algorithm for time integra-
tion. The code is parallelized using MPI. The model is applied
to the simulation of microwave energy deposition in Mach 2
flow upstream of a blunt cylinder. The interaction of the heated
plasma (generated by the microwave pulse) with the blunt body
shock results in the momentary formation of a toroidal vortex
and reduction in the stagnation pressure on the cylinder center-
line in agreement with experiment. Substantial dissociation of
O2 occurs due to the microwave discharge and high levels ofO
remain throughout the interaction. A significant concentration
of NO forms initially but rapidly decays.
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Variable Quantity

ċik rate of production of speciesi from reactionk
cpi specific heat at constant pressure for speciesi
Ci molar concentration of speciesi
ε total energy per unit mass of mixture
E electric field (Eo maximum electric field)
E
N

∣

∣

∣

r
reduced field

ho
fi

heat of formation of speciesi at temperatureTre f

hi static enthalpy of speciesi per unit mass of speciesi
h static enthalpy per unit mass of mixture
H total enthalpy per unit mass of mixture
k Boltzman constant (1.38·10−23 J/K)
kk reaction coefficient for reactionk
Mi molecular weight of speciesi (kg/kg·mole)
Mi speciesi (e.g., M1 = e)
m number of reactions
me mass of electron
M representative mass for ions and neutrals
Ne electron concentration

Ncrit
e critical electron concentration
Ni concentration of speciesi
N total concentration of species excluding electrons
n number of species including electrons
p static pressure
q̇ rate of heating of gas per unit volume
ro radius of microwave discharge
R universal gas constant (8314 J/kg·mole K)
T static (translational) temperature of mixture
Te electron temperature

Tre f reference temperature
ui mass-averaged velocity component ini-direction

Vdr drift velocity
xi Cartesian coordinate
Yi mass fraction of speciesi (Yi = ρi/ρ)
αi fraction of the rate of change in enthalpy∆hi

converted into heating of gas
δ 2me/M

∆hi rate of change in enthalpy due to reactioni
λ wavelength of microwave
ρc charge density
ρi density of speciesi
ρ density of mixture
ω̇i net rate of production of speciesi
ω microwave angular frequency
ν rotational relaxation factor (dimensionless)
νe effective frequency of electron collisions

ν′ik,ν
′′
ik reaction coefficients

τo,τ1 time scales in microwave discharge
∑i 6=e sum over all species except electrons

Table 2: Nomenclature
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