= WA B/ VN WA N =l Ve TV AW T WITNAN T VWWWJT T VWi Vil il N il

Brief Survey of High Speed Flow Control
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Abstract

Although microwave discharges in air have been studieddoades, their application to aerodynamic
flow control in supersonic flows has only recently been exawhin depth. In this paper, a brief survey of
several papers from 2001 to 2006 is presented.

1. Introduction

Electromagnetic Local Flow Control (ELFC) comprises a widage of energy deposition technigues including DC
discharge, Dielectric Barrier Discharge (DBD), electraaim, laser and microwave. In recent years there has been
intense activity in developing fundamental understandingd practical applications of ELFC for aerodynamic appli-
cations. Recent surveys include Zheltovoddmight et al?> Knight,> Fomin et at and Bletzinger et al. ELFC has
several potential advantages compared to conventiondianéal and electro-mechanical techniques includingivirt
ally instantaneous activation time, action-at-a-diséaaied capability for tailoring the energy deposition to aghithe
desired flow control.

2. Survey

This paper surveys selected recent experimental and ticadneesearch on microwave energy deposition in air. The
paper summarizes the results of a series of papers from 200tronological order. The focus of the survey is
aerodynamic #ects, and consequently omits discussion of the detailseaficrowave plasma.

2.1 Kolesnichenko et al 2001

Kolesnichenko et &lperformed a pioneering set of experiments to examine fileeteof a microwave energy pulse in
air (and other gases) on the drag of a blunt cylinder at MagHdt.ambient pressurp,, = 60 Torr and temperature
To = 200 K. Single microwave pulses at 9 GHz with peak power 210 kW and typical duratiom = 1.2us
to 2.2us were focused upstream of the blunt body shock. Both linedrcircularly polarized electric fiel&E were
considered. Typical measured electric field strerifthlong thex—axis (streamwise) is shown in Fig. 1 for linearly
polarized electric field (along the-axis). A typical range of values for the reduced fi&l{N (whereN is the particle
concentration) is 80 to 110 Townsend (Fig. 2).

Multiple plasmoids (typically, up to three) are generatgdte single microwave pulse. The average velocity of
each plasmoid is approximately the freestream velocity.(8). Schlieren images of the interaction of the plasma with
the blunt body shock are shown in Figs. 5 and 6 correspondihg-t6us and 2Ls after the microwave pulse. In the
former image, the plasmoid has not yet reached the blunt blodgk, whereas in the latter image the interaction of the
plasmoid with the blunt body shock is evident in the distartof the shock wave. This interaction causes a significant
reduction in the surface pressure as indicated in Fig. 4ebiyeresulting in a momentary decrease in frontal drag. The
explanation for this phenomenon is given in Subsection 2.6.

2.2 Kolesnichenko et al 2002

Kolesnichenko et dlpresented a series of unsteady Euler simulations of theattten of a heated channel (denoted
a “density well”) with a two-dimensional blunt body Bt,, = 1.9. The heated channel represents a single microwave
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Figure 1: TypicalE field vs x
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Figure 3: Plasmoid positiovs t Figure 4:pvst

Figure 6: Schlieren image € 21us)

Figure 5: Schlieren imagé € 6us)

filament and was assumed to be aligned in the streamwisdidiv@n the body centerline. Fig. 7 displays the computed
Schlieren images at four instants of time. The first imagewvshihe lensing forward of the blunt body shock due to
the initial interaction with the heated channel. The secand third images display the formation of a vortex pair
and recirculation region, and the fourth image shows thectftl shock wave. The computed surface pressure on the
centerline is displayed in Fig. 8. The initial pressure drophase | is associated with the expansion wave generated by
the interaction of the heated channel with the blunt bodgkhtm Phase II, the vortex formation leads to a significant
decrease in surface pressure associated with the momefiective streamlining of the body due to the creation of
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the recirculation region immediately ahead of the body. hage 1, the vortex is convected downstream and the
surface pressure recovers to its undisturbed level in PNaSdhese features are in agreement with the experimental
measurements shown in Fig. 4.
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Figure 7: Schlieren images Figure 8:pvst

2.3 Kolesnichenko et al 2003

Kolesnichenko et 8ldeveloped a model for the formation of the thin hot channesicrowave discharge in air. The
analytic model yields a finite time collapse-like creatidradot plasma channel with high electron concentration and
temperature. The formation time of the hot channel is

_11-1/3
tchannel = [1 5k2770-0 Egpol] (1)

wherek is proportional to the microwave wavenumberis the fraction of the dissipated energy transformed into
heating of the gasr, is the conductivityE, is the amplitude of the electric field apg is the ambient density. For
typical values ¢, = 100 Siemensd = 3 cm, p, = 76 Torr, E, = 3 kV/cm), the model predictt .. * 1us in
agreement with experiment.

2.4 Mashek et al 2004

Mashek et & conducted experiments to ascertain the capability of a sark to act as a precursor (“initiator”) for
microwave discharge in air at atmospheric pressure. Therarpntal configuration is shown in Fig. 9. A ruby laser
(694.3 nm, 220 mJ pulse maximum, 25 ns pulse duration maxjnsifiocused in air at atmospheric pressure. The
microwave generator has a peak power of 180 kW and a typitsé pluiration 2us. The éfect of diferent delay times
between the laser and microwave pulses was investigatdd, araximum luminosity of the microwave discharge was
observed for a delay of 38 to 11@s. A Schlieren image is shown in Fig. 10. The focus of the Ipsése is indicated

by the bright spot. The outer circle is the blast wave origitafrom the laser pulse. The next inner semi-circle is
the reflection of the blast wave from the parabolic microwaweor. The innermost circle is the blast wave generated
by the microwave discharge. This preliminary study denratet the potential for laser spark initiation of microwave
discharge at atmospheric pressure.

2.5 Brovkin et al 2006

Brovkin et al® performed a series of experiments to evaluate quantitatibe efect of a laser spark precursor on
the breakdown voltage required for microwave energy déiposin air at subatmospheric to atmospheric pressure.
The experimental configuration is shown in Fig. 11. A Nd:YA&Gédr (532 nm, 130 rnffdulse maximum, 10 ns pulse
duration maximum) is focused in air at atmospheric or subapheric pressure to generate a plasma as an initiator for
a microwave discharge. The microwave generator has a maxipmuwver 700 kW operating at 13 GHz. The electric
fields of the laser and microwave are mutually perpendicutar example of the microwave discharge following a
laser spark precursor is shown in Fig. 12. The pulse powaerined for the laser spark generation in quiescent air
as a function of ambient pressure is shown in Fig. 13 and sdirien approximately 105 mJ at 70 Torr to 20 mJ at
750 Torr. The laser spark precursor enables a microwavéatige at atmospheric pressure as indicated in Fig. 14,
and the required microwave field decreases with increasisgr Ipulse energy. These results imply the potential for
creating microwave discharges at arbitrary locations éninity of an aerodynamic body.
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Figure 11: Experiment
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2.6 Efficiency

The dficiency of steady energy deposition for drag reduction caexagnined in two limiting cases. First, consider
the situation wherein the cross section of the region ofgyndepositionA,, is comparable or larger than cross section
A of the aerodynamic body. The power required to overcometéig on the body is

1
P=2Co PUPAU, )

wherep andu are the fective density and velocity upstream of the body due to trexggndeposition A is the
cross-sectional area of the body dud is the freestream body. We may define tlisceency of energy deposition as

__dp

wheredQ = p.,U.A.dgq with A, the cross-sectional area of the energy deposition regidmjasmthe energy added
per unit mass per unit time. Since the dragfficentCp is relatively constant for blunt bodies in supersonic flow,

®3)

dP_1Cp,  dot?

Q- m2" Y4 ®
wherem = p,U.A. For Rayleigh flow (assuming the flow is not choked),
dou? u?
ou® _ : p (5)
dq (M2-1)c,T
ApproximatingT ~ T, andp = pe,
- A M ©)

2 CDK(MgO - 1)

Typically, Cp ~ 1 for blunt bodies. The foregoing analysis applies£g, > A, and thus, the estimated maximuiffi-e
ciencyn ~ % (y—21) = 0.7 for air. Therefore, energy deposition into a region whasss-sectional area is comparable
to the body cross-sectional area isftieetive, i.e., the savings in power due to the reduction in drag is less tihan
power required to heat the gas.

Second, consider the situation wherein the cross sectitreagnergy depositioA., is small comparable to the
cross sectior of the aerodynamic body. Assume for simplicity that the gpeteposition occurs at constant pressure
(isobaric) and in a cylindrical region of diametg(a “filament”) and streamwise lengthaligned with the flow (with
d < L, and hence the terminology “filament”) and initially locatepstream of the blunt body. The net energy;
added in the volumé,, L to increase the temperature from the ambiegpto the levelTs = T, + AT is

AE; = AlLcpprAT @)

whereps is the density of the filament. Since the energy is assumeelbaldconstant pressure,
AE; = Aoochp—S(l—a) 8)

whereR s the gas constant for air ad= p:/p.. During the interaction time of the filament with the aerodynamic
body, the net energy savingky due to decrease in frontal drag is

AEq = Ugl* 9

l*=fonA(p—po) dAdt (10)

where p is the instantaneous pressure on the frontal surface ofdbg Huring the interactionp, is the (steady)
pressure on the frontal surface of the body in the absendedhteraction, andA is the projected elemental area of
the front surface. Define the non-dimensional impulaecording to

wherel« is the impulse

| %

= — 11
PsALUG! )

1For example, the drag ciient for a spheré is 0.92 < Cp < 1.0 for 1.5 < M, < 4.0.



= WIS IS TN e VI T =WV V WAV T TNV

whereps is the stagnation pressure downstream of a normal shock étethstream Mach numbbft,,, (Rayleigh pitot
formula). Assuming the aerodynamic body is cylindricalwdiameteD, the dficiencyn = AEq4/AE; is

B (7+1)M2 v/(1) 7+1 1/(+1) (7_1) (9 2 | (12)
2 ™ 2yM2 — (y-1 d/ 1-a)
YMS - (y=1) Y @
ForM, > 1,
D\ |
2 — —
. O.37Mm(d) i (13)

Unlike the first situation, thefBciency improves both with increasing Mach numbgg and area ratiol/d). Indeed, if
we conjecture that the impulses relatively insensitive told/d), the dficiency increases dramatically with decreasing
filament diameter. Numerical simulatidnsonfirm this conjecture.

3. Conclusions

Microwave energy deposition has been shown experimeritalighieve drag reduction for blunt bodies in supersonic
flow. Experimental imaging shows that the principal meckamis the interaction of the high temperature channels

(filaments) with the blunt body shock resulting in the aerainic streamlining of the body through creation of a
recirculation region. Numerical simulations using thedfu@quations are in agreement with experiment.
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