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A selected survey of aerodynamic drag reduction at high speed is presented. The dimensionless governing
parameters are described for energy deposition in an ideal gas. The types of energy deposition are divided into two
categories. First, energy deposition in a uniform supersonic flow is discussed. Second, energy deposition upstream of
a simple aerodynamic body is examined. Both steady and unsteady (pulsed) energy deposition are examined for both
categories, as well as the conditions for the formation of shock waves and recirculation regions. The capability of
energy deposition to reduce drag is demonstrated experimentally. Areas for future research are briefly discussed.

Nomenclature

cross-sectional area

drag coefficient

specific heat at constant pressure

diameter of body

diameter of filament

spatial distribution functions for energy deposition
impulse

streamwise length

characteristic length

freestream Mach number

mass flow rate

power

pressure

energy added per unit volume per time
magnitude of energy deposition (energy per unit
volume per time)

energy deposited in V in time interval 7,

energy added per unit mass per time

magnitude of energy deposition (energy per unit
mass per time)

energy per mass deposited in V in time interval t,
gas constant for air

temperature

temporal distribution function for energy deposition
freestream velocity

volume

velocity

Pr/ Pos

ratio of specific heats

energy added

dimensionless time scales

energy deposition parameters

efficiency of energy deposition

density

ratio of energy added to energy required to choke
the flow

dimensionless time parameter

duration of energy pulse
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Subscripts
f = filament
00 = freestream
I. Overview

N RECENT years, there has been intense activity in developing a

fundamental understanding and practical applications of flow
control at high speed using energy deposition. This interest is
reflected in numerous conferences and workshops, including the
Weakly Ionized Gas Workshops [1-8], the St. Petersburg
Workshops [9-12], and the Institute for High Temperatures
Workshops [13-19]. The scope of this research is broad. It
encompasses a wide variety of energy deposition techniques (e.g.,
plasma arcs, laser pulse, microwave, electron beam, glow discharge,
etc.) and a wide range of applications (e.g., drag reduction, lift and
moment enhancement, improved combustion and mixing,
modification of shock structure, etc.).

The objective of this paper is to provide a selective survey of
research on aerodynamic drag reduction at high speed using energy
deposition. The research is reviewed principally from the viewpoint
of ideal gas dynamics to elucidate the thermal effects of energy
deposition on supersonic flow. In general, nonideal gas effects are
not considered (except insofar as they naturally occur in the
experiments cited herein) and are the topic of a future survey.

The remainder of this paper is divided into three sections.
Section II summarizes the governing equations and relevant
dimensionless parameters for energy deposition in an ideal gas.
Section III focuses on steady and unsteady energy deposition in
uniform supersonic flow in the absence of an aerodynamic body. The
understanding of this simple class of flows is essential for the
interpretation of energy deposition in the presence of an aerodynamic
shape. Section IV considers steady and unsteady energy deposition
in the presence of an aerodynamic body from the viewpoint of drag
reduction.

This survey is necessarily selective and restrictive due to the
substantial literature on this topic. Additional reviews can be found in
Zheltovodov [20], Fomin et al. [21], and Bletzinger et al. [22].
Related research in magnetoaerodynamics is reviewed, for example,
in Shang [23].

II. Governing Equations

The physics of energy deposition in high speed flows is
multidisciplinary. In this paper, we consider energy deposition from
the viewpoint of a perfect gas. Admittedly, this is an approximation
of the actual physics because nonideal gas effects may be relevant
due to the nature of the energy deposition (e.g., the formation of a
plasma due to a laser or microwave pulse). Nevertheless, many of the
salient features of flow control by energy deposition are elucidated
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from this somewhat restricted viewpoint, which serves as a basis for
understanding.

The governing equations for energy deposition in an inviscid
perfect gas are

a—p+V~pv:0 (1)
ot
a—v—l—v-Vv:—le )
ot P
aT Q

a_—|—1)~VT=—()/—1)TV-v—|— 3)
t

PCy

where p is the density, v is the velocity, p is the static pressure, T is
the static temperature, and Q is the energy added per unit volume per
time.

We define the dimensionless parameters relevant to three-
dimensional energy deposition in a perfect, inviscid gas under certain
simplifying assumptions. The energy deposition is assumed to be
given by

Q=0,9(x/t.y/t.z/OT(t/7,) )

where Q,, is the characteristic dimensional magnitude of the energy
deposition (units of energy per unit volume per time) and G defines
the dimensionless spatial distribution of energy deposition in an
effective volume V with

1 p—
V/ngv_l )

Without loss of generality, it may be assumed that
G(0,0,0)=1 (6)

which, together with Eqs. (4) and (5), serves to define the
characteristic volume V of the energy deposition. An example is

G =e /s ™

where 12 = (x — x,)2 + (v — y,)* + (z — z,)* and (x,, y,, z,,) is the
center of the energy deposition region and £ = r,, is the characteristic
length scale. This satisfies G(0,0,0) =1 and, from Eq. (5),
V = 73/2r3. The dimensionless temporal dependence 7 may be
assumed normalized so that

1 t+1,

— Tdi=1 8)

Te t

where 7, is the duration of the energy pulse. For steady energy
deposition, 7 = 1. The total energy deposited within the volume V
in the time interval t, is therefore

0= / e f Qdvdr ©)
t 14

The total energy per unit effective volume deposited in time t, is
therefore

Q,=(Qr/Vz.) 10)

For steady energy deposition,
1
=— dv 11
0,= /v 0 (1)

The effect of energy deposition on the flowfield, either alone or in
the presence of a body, depends upon several dimensionless factors.
The first is a dimensionless energy deposition parameter defined as

_ 0

e 12)

The numerator is the energy deposition in V at time 7,. The
denominator is the sum of two terms. The first term is the static
enthalpy in region V at the beginning of the energy pulse. The second
term is the static enthalpy flux through the cross-sectional area A
during the characteristic time scale of the energy deposition 7,.. Thus,

8:()’_1) Oy 1

13)

with
A=V/L (14)

For steady energy deposition (i.e., U,t,/{ — 00), Eq. (12)
reduces to

MZ0,¢
Poc Ul

e=(y—1) 5)

using Eq. (10). For periodic energy deposition, the first term in the
denominator in Eq. (12) is not relevant, and ¢ is given by Eq. (15)
where Q,, represents the energy deposition per unit volume and time
during the energy pulse [see Eq. (10)].

Another definition can be formed assuming the energy deposition
is expressed as

0= pq (16)

where g is the energy added per unit mass per time. An expression for
q similar to Eq. (4) is

q=q,8(x/t.y/0,2/0T(1/z,) (17)

where ¢, is the characteristic dimensional magnitude of the energy
deposition (units of energy per unit mass per time) and

é(x/ﬁ, v/¢,z/{) defines the dimensionless spatial distribution of
energy deposition in a finite volume V with

1 ~

— [ Gav=1 18

V/Vg (18)
and G(0,0,0) = 1. Also,

1 41, ~
— / Tdr=1 (19)
Te Ji

47,
qT=/ /qudt (20)
t v

For steady energy deposition,

Then, by analogy,

1
=— dv 21
9=y /V q e2))
The corresponding dimensionless energy deposition parameter is
/ qr
= 22
© T TV + ¢, T UnAr, @2)
where A is defined by Eq. (14). This yields
-1 1
o= =D par 23)
v opeV (1 +Ust/0)
For steady flow,
M2q,0
¢=(r-D=pr 24)
[o¢]
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Table 1 Parameters

Parameter Relation

& Energy deposition

Pulse duration
Pulse interval
Pulse interval
Mach number
Ratio of specific heats
Energy spatial distribution function
Energy temporal distribution function

S S0 M
NG

Ne g

The second through fourth parameters are dimensionless ratios of
time scales:

8 =7./({/Us) (25)
8 =1/(l/Uy) (26)
§p=1/(L/Us) 27)

where 7, is the duration of the energy pulse, 7; is the time interval
between energy pulses, and L is a characteristic distance between the
energy deposition region and the body. The first and second
parameters relate the duration and time interval of the energy pulse to
the timescale associated with the flow transiting the streamwise
dimension £ of the energy deposition region. For example, §, < 1
implies that the energy deposition is virtually instantaneous, that is,
the fluid has moved a negligible distance during the time of the
energy deposition. This is typical of a pulsed laser energy deposition.
Additionally, §; > 1 implies that the interval between energy pulses
(assuming 7, K t;) is large compared with the time required for the
fluid to move through the energy deposition region. The fourth
parameter relates the time interval of the energy pulse to the time
scale associated with the flow transiting the streamwise distance L
between the energy deposition region and the body. For example, if
8, < 1, then the modification to the flowfield in the vicinity of the
body is quasi stationary.

The remaining parameters are the Mach number M, and ratio of
specific heats y. In addition, the flowfield depends upon the body
shape itself and the location of the energy deposition relative to the
body. The parameters are summarized in Table 1.

III. Energy Deposition in Uniform Supersonic Flow

In this section, we consider steady and unsteady energy deposition
in uniform supersonic flow in the absence of any aecrodynamic body.

A. Steady Energy Deposition

Linear, weakly nonlinear, and strongly nonlinear solutions of
Eqgs. (1-3) have been obtained for steady two- and three-dimensional
energy deposition in supersonic flow. We summarize several of the
key results next. Linearized solutions are based on an expansion in &
with e < 1.

1. Belokon et al. (1977)

Belokon et al. [24] considered a two-dimensional energy source of
the form

q = q,exp[—(x* +y?)/r3] (28)

The linearized inviscid equations were solved analytically for
supersonic inflow aligned with the x axis. On the symmetry plane
y = 0, a compression zone is formed in the energy deposition region
associated with the blockage effect whereas downstream of the
energy deposition region a rarefaction occurs.

2. Krasnobaev and Syunyaev (1983)

Krasnobaev and Syunyaev [25] considered a three-dimensional
energy source of the form

3
Usro

- &+ +22) 29)

q

The far-field linearized solution on the axis of symmetry yields a
decrease in the streamwise velocity and an increase in static pressure
compared with the freestream. The velocity and pressure
perturbations decay proportional to z 7.

3. Krasnobaev (1984)

Krasnobaev [26] extended the linearized supersonic solution to an
arbitrary planar or axisymmetric confined energy source ¢(r, z) and
showed that the effect of the energy source was analogous to flow
past a slender body. Krasnobaev developed the weakly nonlinear
extension of the theory using the characteristic variable method of
Whitham [27] to find the shape of the shock wave that forms away
from the energy source.

4. Terent’eva (1992)
Terent’eva [28] further extended the linearized supersonic

solution to an arbitrary confined three-dimensional energy source

q(x). Terent’eva derived solutions for the specific case of a finite size

uniform cylindrical energy source aligned with the freestream flow

given by

<., < 242 < 2

. q, O_ZTl and x*+y* <r; (30)

0  otherwise

The far-field solution on the axis of symmetry yields an increase in
streamwise velocity and a decrease in static pressure compared with
the freestream. The dynamic pressure is decreased provided

M, > /2. The perturbations decay proportional to z~2.

5. Viasov et al. (1995)

Vlasov et al. [29] performed two-dimensional computations in the
nonlinear regime for an energy source of the form

Q=p %” exp[—(x* + %) /¢?] G

Oy

Three qualitatively different regimest were observed depending on
the value of the parameter ¢ (see also the related work by
Georgievskii and Levin [30]). In the first regime (subcritical), the
shock wave forms away from the energy source and the flow through
the energy source is supersonic, as illustrated in Fig. 1 for &’ = 1.21
(W, =15 and M, = 3). In the second regime (transitional), the
shock wave intersects the energy source region. This was observed
for ¢ =14.5 (W,=300 and M., =5). In the third regime
(supercritical), the shock wave forms upstream of the energy source
and intersects the axis, as illustrated in Fig. 2 for & =24.1
(W, =300 and M, = 3).

The appearance of the shock in the supercritical case is attributable
to an effective choking of the flow due to heat addition. Consider a
one-dimensional steady flow. The heat addition per unit mass
required to choke the flow is [31]

_ T, (M3, — 1)
DMLy - DME +2]

Ag. (32)

We estimate the heat added per unit mass for flow on the centerline:

"The dimensionless parameter W, introduced by Vlasov et al. [29] is
3/2
v
W,=M €
-1

/
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Fig. 1 Density contours (subcritical).
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Fig. 2 Density contours (supercritical).
oo gdx
Ag= / a9 (33)
o U

On the centerline, we approximate u ~ u,. We define the ratio of the
energy added per mass to the energy per mass required to choke the
flow as

w = Aq/Aq, (34)
and, thus,
_ ()/2 B 1) T Moo Uoo
TET e Ve — 4>

For the subcritical case, 7 = 0.42, whereas for the supercritical case
w = 22.6 (Table 2). This simple analysis therefore implies that the
rate of energy addition in the supercritical case is sufficient to choke
the flow. According to a one-dimensional steady flow analysis, it is
not possible for the flow to be continuously decelerated by heat
addition from supersonic to subsonic flow; therefore, a shock wave
must form on the centerline as seen in Fig. 2.

6. Georgievskii and Levin (1998)

Georgievskii and Levin [32] performed a series of Euler
computations at M, =3 for a cylindrically symmetric energy
deposition:

0= 00, exp - +2/0) | 36)

where 12 = x> 4 y?. The flowfield! was observed to be subcritical
(i.e., supersonic everywhere) for ¢’ = 1.6, with a “hanging” shock
formed outside the energy deposition region (Fig. 3). For¢’ = 8.1, a

*The dimensionless parameter QA(, introduced by Georgievskii and Levin
[32] is identical to W, used by Vlasov et al [29].

Table 2 Values of u, /U, from Figs. 2 and 3
of Vlasov et al. [29]

w, ug /Uy & w
15 ~0.85 1.21 0.42
300 ~0.32 24.1 22.6

supercritical flowfield was observed with a shock formed upstream
of the energy deposition region (Fig. 4).

The values of = defined in Eq. (34) are shown in Table 3. The
subcritical and supercritical cases correspond to w = 1.9 and 3.9,
respectively. The value of @ may be incorrect, however, because the
value of p,/p. has been estimated. (p; is the estimated value of the
density at the energy source.) Nonetheless, the appearance of the
shock in the upstream portion of the energy deposition region
corresponds to a higher value of w than in the subcritical case,
thereby lending credence to the interpretation of the shock formation
as attributable to the choking of the flow in the vicinity of the
centerline by energy addition.

B. Unsteady Energy Deposition
1. Georgievski and Levin (1998)

Georgievski and Levin [32] performed a series of unsteady Euler
simulations at M, = 3 for a cylindrically symmetric time-dependent
energy deposition of the form

0 =pQ,,0(1) em[—(r2 +2*/ ri)] 37

where 7> = x> + y2. Results for the unsteady energy deposition

(Table 4) were obtained for QU = 100. Three different temporal
variations of energy deposition were considered

_futt 0<mod(t.) <7,

o(t) = {O 7, <mod(t,7;)) <71, — T, (38)
6.
4.
2.
0

40 0 20 0.0 2.0 4.0 6.0 8.0

Fig. 3 Mach contours (subcritical).

4.0 -2.0 0.0 2.0 4.0 6.0 8.0
Fig. 4 Mach contours (supercritical).



KNIGHT 1157

Table 3 Values of p,/p ., from Fig. 3 of Georgievskii and

Levin [32]
0, Ps/ Pos ¢ @
20 ~1.0 1.6 1.9
100 ~0.4 8.1 3.9

Table 4 Georgievskii and Levin [32] (it is assumed that £ = 2r,)

Q,, Iiaoc/\/_);ro 8[ Type

100 0.3 0.54
1.2 2.13

quasi stationary
unsteady

1 —1 o -1
_ e sin(nrtt;') 0 <mod(t, 7)) <,
o) {0 7, <mod(t, 7)) <1, — T, (39)
o(r) =1+ sin(2nt/7;) (40)
6.
4.
2.
0i4.0 -2.0 0.0 2.0 4.0 6.0 8.0
T =0.3,7 =0.05
Fig. 5 Mach contours (§; = 0.53,6,/5; =1/6).
6.
4.
2.
0-'4A0
6.
4.
2.
0. B D
-4.0 . 2.0 4.0 6.0

Fig. 7 Mach contours (§; = 2.13,6,/5; =1/2).

Equations (38—40) satisfy Eq. (8), that is, the energy deposited in the
time interval 7; is independent of the value of 7,. Results were
obtained (Table 4) for dimensionless time intervals §; = 0.54 and
2.13 for different values of 8,/8; from 1/6 to 1. For §; = 0.54, the
flow was quasi steady irrespective of the value of §,/8;, as shown in
Fig. 5 (8,/6; =1/6) and Fig. 6 (8,/6; = 1) for o(r) defined by
Eq. (38). The behavior is expected because the energy deposition
interval t; is approximately half the time required for the flow to
transit the energy deposition region /:2¢; thus, the energy deposition
appears relatively continuous. Similar quasi-steady results were
obtained at the same §; for o(¢) given by Egs. (39) and (40). For
8; = 2.13, the flow is unsteady, as shown in Fig. 7 for §,/8; = 1/2
and o(7) given by Eq. (38). The interval between energy pulses is
larger than the flow transit time across the energy deposition region,
and thus generates an unsteady sequence of shocks. The interval ratio
8,/6; becomes important because the total energy deposition in time
interval 7, is the same and, hence, as 7,/ t; decreases, the power of the
energy deposition increases and the shocks become stronger.

IV. Energy Deposition for Drag Reduction
A. Introduction

Energy deposition has been investigated as a method for
controlling the aerodynamic forces and moments on air vehicles. In
this paper, we focus on drag reduction. Significant additional
research has been performed on the use of energy deposition for
controlling lift and moments.

The efficiency of steady energy deposition for drag reduction can
be examined in two limiting cases. First, consider the situation
wherein the cross section of the region of energy deposition A, is
comparable or larger than the cross section A of the aerodynamic
body. The power required to overcome the drag on the body is

P=1C,mPAU,, 1)

where p and u are the effective density and velocity upstream of the
body due to the energy deposition, and U, is the freestream velocity.
We may define the efficiency of energy deposition as

dpP
dg
where dQ = p,, U Asdq and q is the energy added per unit mass

per unit time. Because the drag coefficient Cj, is relatively constant
for blunt bodies in supersonic flow,

n= (42)

P _1Cp,, dpi?
do w2 7™ dg

(43)

where i = p,, U, A . For Rayleigh flow (assuming the flow is not
choked),

2 2
dpu S pu 44)
dg (M? - 1)c, T
Approximating T ~ T, and p ~ p,
-1 A M?
_r="0 c, A M 5)

2 Ay (M2, —1)

Typically, Cp ~ 1 for blunt bodies. (For example, the drag
coefficient for a sphere [33] is 092=<Cp <10 for
1.5 < M_, <4.0.) The foregoing analysis applies to A, > A; thus,
we have the estimated maximum efficiency n ~ %(y —1)=0.7 for
air. Therefore, energy deposition into a region whose cross-sectional
area is comparable to the body cross-sectional area is ineffective, that
is, the savings in power due to the reduction in drag is less than the
power required to heat the gas.

Second, consider the situation wherein the cross section of the
energy deposition A, is small comparable to the cross section A of
the aerodynamic body. Assume for simplicity that the energy
deposition occurs at constant pressure (isobaric) and in a cylindrical
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region of diameter d (a “filament”) and streamwise length L aligned
with the flow (with d < L and, hence, the term filament) and initially
located upstream of the blunt body. The net energy AE, added in the
volume A, L to increase the temperature from the ambient 7, to the
level T, =T, + AT is

AE; = AyLc,p AT (46)

where p, is the density of the filament. Because the energy is
assumed to be added at a constant pressure,

AEf :AooLCp(poo/R)(l —O[) (47)

where R is the gas constant for air and « = p;/p,,. During the
interaction time 7 of the filament with the aerodynamic body, the net
energy savings AE,; due to decrease in frontal drag is

AE; = UI* 43)

where I* is the impulse
r= [ [o-poua (49)
o JA

where p is the instantaneous pressure on the frontal surface of the
body during the interaction, p, is the (steady) pressure on the frontal
surface of the body in the absence of the interaction, and dA is the
projected elemental area of the frontal surface. We define the
nondimensional impulse / according to

I*

1= T
PALUL,

(50)

where p;, is the stagnation pressure downstream of a normal shock at
the freestream Mach number M, (Rayleigh pitot formula).
Assuming the aerodynamic body is cylindrical with diameter D, the
efficiency n = AE,/AE; is

n= [(V+1)Mz]”‘y‘”[ y+1 ]”‘V‘” (y=1
2 oo

2yM%, — (y— 1) %
D\ I
g (E) (1-a Gl
ForM, > 1,
0~ 0.37TM2%(D/d)>(1/(1 — ) (52)

Unlike the first situation, the efficiency improves both with
increasing Mach number M, and area ratio (D/d). Indeed, if we
conjecture that the impulse 7 is relatively insensitive to (D/d), the
efficiency increases dramatically with decreasing filament diameter.
Numerical simulations [34] confirm this conjecture. Numerical
experiments were performed by Kremeyer et al. [35] for energy
deposition along a finite length upstream of a cone at supersonic
speeds and zero angle of attack. The instantaneous energy deposition
generated a cylindrical shock wave [36] and a low-density heated
core. The interaction of the heated filament with the cone cylinder
resulted in a drag reduction of up to 96%.

B. Steady Energy Deposition
1. Georgievskii and Levin (1991)

Georgievskii and Levin [30] considered the effect of a steady
energy deposition upstream of a body of revolution in supersonic
flow at zero angle of attack for two different cases. In the first case,
the energy deposition was assumed to occur on an infinitesimally thin

r
A

body
M. / energy source <> .
L -1 I =

s

Fig. 8 Energy deposition on line.

shock (¢ = 0)

shock (¢ > 0) \

recirculation

Fig. 9 Recirculation region.

line parallel to the flow and upstream of the body as shown in Fig. 8.
The linearized problem was solved and a general expression for the
drag coefficient was obtained. Specific results were presented for a
shape consisting of a conical forebody and afterbody of equal length.
It was shown that a net thrust can be achieved. The shape of the body
of revolution of a given volume and minimum resistance was
determined analytically.

In the second case, a Gaussian energy deposition was assumed
upstream of the body of the form

Qog )2 24 (z—2z,)
= () = ()] @

where r, is the effective scale of the energy deposition, R, is the
characteristics dimension of the body, and r> = x> + y2. For a
sufficiently large energy deposition, a recirculation region forms in
front of the body, as shown in Fig. 9. The formation of a recirculation
region in front of a bluff body in the presence of intense upstream
energy deposition was also observed by Artem’ev et al. [37], Borzov
et al. [38], and Georgievskii and Levin [39,40]. A reduction in drag
(i.e., integrated frontal surface pressure) was observed for
sufficiently high levels of energy deposition. The magnitude of the
drag reduction was found to be insensitive to the location of energy
deposition at a sufficiently large distance from the body. This
phenomenon was denoted “distance stabilization.” Also, the
increment in drag reduction diminished with increasing energy
addition.

2. Levin and Terent’eva (1993)

Levin and Terent’eva [41] considered steady symmetric energy
deposition upstream of a cone in supersonic flow at zero angle of
attack. The energy release was assumed to be Gaussian (33).
Numerical simulations of the Euler equations were performed for the
following ranges of values: 1) M, = 3—4.25, 2) cone half-angles of

Fig. 10 Directed air spike.
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‘Z.()
\L ~— 2, —>]

Y
Fig. 11 Flow configuration.

0 = 10-25 deg, 3) energy deposition ¢, and 4) energy locations z,,.
The frontal drag was reduced for the range of cone angles studied by
up to 45%. However, for sufficiently long cones, the shock generated
by the energy release interacted with the cone shock and an increased
drag occurred. The position of the energy release for minimum drag
with a fixed energy deposition ¢ and M, was determined.

3. Toroetal (1998)

Toro et al. [42] performed a series of experiments for a “directed
air energy spike” based on the concepts of Myrabo and Raizer [43].
The experimental model is shown in Fig. 10. The model body is a
double 15.2 cm disk whose surfaces are scaled directly from the
Apollo command module’s lower heat shield. A 15.2 cm long plasma
torch with a 0.635 cm external diameter is attached on the model
centerline. Experiments were performed at M, = 10. Operation of
the plasma torch at arc powers up to 70 kW resulted in a reduced
frontal drag compared with the power-off drag with the torch body
attached. Additional experiments and axisymmetric Euler
computations were performed for this configuration by Bracken
et al. [44,45].

4. Levin and Terent’eva (1999)

Levin and Terent’eva [46] considered steady asymmetric energy
deposition upstream of a cone in supersonic flow at small angles of
attack. The configuration is shown in Fig. 11. The energy release is
Gaussian with the form

e R

Euler simulations were performed for supersonic flow at cone half-
angles 6 from 5 to 15 deg and angles of attack « from 0 to 10 deg. It
was observed that the energy deposition located upstream and above
the cone centerline both reduced the drag and increased the lift at
positive «.

5. Riggins et al. (1999, 2000)

Riggins et al. [47] and Riggins and Nelson [48] performed a series
of laminar viscous computations of steady energy deposition
upstream of a 2-D/axisymmetric semicircle/hemisphere cylinder at
M, = 6.5 and 10. The formation of two counter-rotating vortices (2-
D) or an annular vortex (axisymmetric) was observed [i.e.,
recirculation region(s)]. They defined a power effectiveness
according to

_ (Dq:O - Dq>0)Uoc
0

where D, is the drag in the absence of energy deposition, D, is
the drag in the presence of energy deposition, and Q is the total

& (55)

Mounting Stud
Load Cell (1 of 3)

Model Support
Sting

Jet Interaction Centerbody Cylindrical
Nosecap Body Shell Skirt Shell
Fig. 12 Flow configuration.
Moo
:F_,_o_<_p_o;__: body

density “well”

shock—/

Fig. 13 Initial condition for energy pulse.

energy added per unit time. The computed £ exceeded 1 for all cases
considered. Wave drag reduction of up to 50% was observed.

6. Shang et al. (2001)

Shang et al. [49] considered a plasma counterjet issuing from a
hemisphere cylinder at M, , =5.8. Both experiments and
computations were performed. The configuration is shown in
Fig. 12. At a constant counterjet mass flow rate, a decrease in drag
was observed with increasing counterjet temperature. A maximum
drag reduction of 13% was achieved. The possible plasmadynamic
contribution to the drag reduction was not quantified.

7. Yuriev et al. (2001)

Yuriev et al. [77] considered steady energy deposition near the
surface of an NACA 0012 airfoil for 0.8 < M, < 0.9. Euler
simulations indicated that energy deposition can reduce profile drag
up to 25%, depending on the location of the energy deposition.

8. Kolesnichenko et al. (2002)

Kolesnichenko et al. [34] considered both quasi-steady and
unsteady energy deposition upstream of a 2-D rectangular body.
Euler simulations were performed for a series of energy pulses at
M., = 1.9 defined by an initial condition comprised of a finite
rectangular region upstream of the body with p < p,, but p = p,
and u = U, as shown in Fig. 13. They observed that quasi-static
energy deposition was more efficient than unsteady energy
deposition in reducing the time integrated frontal drag. The strongest
effect on drag reduction was the magnitude of the density “well” (i.e.,
the magnitude of p,, — p in the initial energy pulse). They noted that
the interaction of the density well with the bow shock produced a

energy source
at (on Yo, Zo)

— s Z

Fig. 14 Flow configuration.
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vortex pair, which is associated with the reduced pressure on the front
surface (and, hence, reduced drag). This is consistent with previous
investigations that showed recirculation regions in front of blunt
bodies in the presence of energy deposition. They also noted that the
integrated effect of the density well was independent of its transverse
dimension.

9. Girgis et al. (2002)

Girgis et al. [50] considered steady energy deposition upstream of
a cone cylinder (Fig. 14). Euler simulations were performed for a
15 deg half-angle cone at M, = 2.4-5 and zero angle of attack and
sideslip. The energy deposition was assumed Gaussian of the form

— 2 _ 2 _ 2
Q:Q{)exp[_((x X))+ 0 Zzyo) +(2—z) )} (56)

Two studies were conducted to assess the effect of the size and
location of the energy deposition on drag. In both studies, the energy
source was located on the axis (§ = 0in Fig. 14)and Q, =1 p, U3, A
where Q, is the total energy added per unittime and A = 7 D?/4 s the
cross-sectional area of the cylinder. (This quantity is proportional to
the ratio of the total energy added per unit time to the power required
to overcome the drag on the cone cylinder at fixed M .) In the first
study, the effect of the location of the energy deposition was
examined. The effective radius of the energy deposition was
assumed to be £ = 0.2D where D is the diameter of the cylinder. The
location of the center of the energy deposition was varied from
R/D = 0.04 to 1.75. The minimum drag occurred at R/D = 0.4. At
this location, a drag reduction of 35% was achieved. In the second
study, the effective radius £ of the energy source was varied from
£/D = 0.15 t0 0.4. Note that the energy deposition is more intense as
£/D decreases. The minimum drag corresponds to £/D = 0.15;
however, this may not represent the global minimal drag under the
conditions of this study because computation at smaller £/D was
infeasible due to the limitations of the computational grid used. A
drag reduction of 35% was obtained.

10. Georgievskii and Levin (2003)

Georgievskii and Levin [51] examined the effect of the relative
size of the energy deposition region on the drag of blunt and cone—
cylinder bodies. Numerical simulations were performed for Mach 2—
10 at different energy deposition levels and with ellipsoidal energy
deposition shapes of different aspect ratios with one axis aligned with
the axis of symmetry of the body. A “continuous flow deceleration”
regime was identified wherein the flow Mach number decreased
continuously to subsonic values without shock formation on the axis.
This regime allowed an efficient drag reduction for cone—cylinder
(i.e., streamlined) bodies.

s ! ¢
Fig. 15 Temperature vs time.

C. Unsteady Energy Deposition
1. Georgievskii and Levin (1993, 2004)

Georgievskii and Levin [52] performed a series of Euler
simulations at M, = 3 for the interaction of a thermal spot of various
configurations with a sphere. The thermal spot originated upstream
of the blunt body shock and was defined by a region of uniform
reduced density p, of the shape

(r/a,r,)* + (z/a,r,)* <1 (57)

where r, is the radius of the sphere, and «, and o, are dimensionless
constants. The parameters (., ;) = (0.5,0.5), (0.5, 00), (0.3,0.3),
(0.6,0.3), and (0.15, 0.3) were considered. The pressure and velocity
within the initial thermal spot was set equal to freestream values.

Pa
4
I
L
30 .
|
|
!
IlL
20 7
I 2
' N\
et =
10 ; T N
\ ! \'l
! v
|
0.5 +

Fig. 16 Pressure vs time.

. I
Fig. 17 Flowfield structure.
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Fig. 18 Pitot pressure vs T, /T, at M, = 3.

Results are shown for p,/ po, = 0.2 for the first through third (fourth)
sets of values of («,,«,) in Figs. 15 and 16 for the temperature and
pressure at the stagnation point on the sphere vs time. An
instantaneous image of the velocity vectors is shown in Fig. 17. The
initial interaction of the thermal spot with the blunt body shock
causes a “lensing” of the shock (i.e., upstream motion of the shock)
due to the reduced Mach number of the spot associated with its
increased temperature (Fig. 17). A similar effect was observed by
Aleksandrov et al. [53]. In addition, the interaction of the thermal
spot with the blunt body shock causes an expansion wave to
propagate toward the surface of the sphere, as indicated by curve 2 in
Fig. 17. The expansion wave reaches the surface and causes a
decrease in temperature and pressure at the stagnation point, as seen
in Figs. 15 and 16. The fluid within the thermal spot is turned along
the shock, because the stagnation pressure of the thermal spot fluid
upon traversing the blunt body shock is lower than the stagnation
pressure of the freestream flow that has preceded it. This is shown
quantitatively in Fig. 18, which displays the computed ratio® of the
pitot pressure (i.e., the stagnation pressure downstream of a normal
shock) for the thermal spot to the pitot pressure for the freestream
flow vs the ratio of the upstream static temperature in the thermal spot
to the freestream static pressure at M, = 3 and y = 1.4. The leading
boundary of the thermal spot is shown as curve 1 in Fig. 17. After the
thermal spot has convected through the shock, a higher pressure and
density are achieved behind the shock wave associated with the
freestream flow. A compression wave thereupon forms and moves to
the sphere surface causing an increase in surface temperature and
pressure (Figs. 15 and 16). The exact details of the surface
temperature and pressure depend upon the thermal spot shape, but
qualitatively the behavior is similar for all cases.

Georgievskii and Levin [34] performed a series of axisymmetric
Euler simulations at Mach 2 for pulse-periodic energy deposition
upstream of a sphere, ogive body, and cone cylinder. The results
demonstrate a significant reduction in drag for all configurations and
the capability of achieving virtually the same results as stationary
energy deposition for a sufficiently high frequency of energy
deposition. Results for pulse-periodic energy deposition upstream of
a 25 deg cone are shown in Fig. 19.

2. Tretyakov et al. (1996)

Tretyakov et al. [55] (also see Tretyakov et al. [56]) performed
experiments to measure the drag on a cone cylinder and hemisphere
cylinder at M, = 2 in argon in the presence of a high frequency CO,
laser discharge upstream of the body. Results were obtained for focal
locations at one and two diameters upstream of the body on the
centerline. The relevant dimensionless pulse interval is §; . The time

$The ratio is

Py T, ]7/-b 2yM2% — (y— 1) 1/(y=1)
=[] o

where p, is the pitot pressure of the thermal spot downstream of a normal
shock, p,  is the pitot pressure of the freestream flow downstream of a
normal shock, and 7 and T, are the static temperatures of the thermal spot
and freestream upstream of the normal shock, respectively.

00 t——T1 T T T T 1
0 2 4 6 8 10

0- Q,=100,Ar=0.,Az=0.5,z,=03

1- 0,=200,Ar=0.1,Az=05T=16,r=038
2- 0, =200,Ar=0.1,Az=05T7=08,7r=04
3-0,=200,Ar=01,Az=05T=04,7r=02
4-0,=200,Ar=0.,Az=05T=02,r=01

Fig. 19 Drag coefficient.
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Fig. 20 Drag coefficient vs §; .

average drag is reduced by up to 45% for §; & 1, as indicated in
Fig. 20 in which D is the diameter of the cylinder. As §; — 0, the
pulsed energy deposition acts like a quasi-steady source of energy
energy deposition upstream of a blunt b(ﬁy_red_uc; the drag due to
the reduction in pu? with heat addition.

3. Adelgren et al. (2001, 2002)

Adelgren et al. [58-60] examined the effect of pulsed energy
deposition on the flow past a sphere at M, = 3.45. ANd:YAG laser
(532 nm, 10 ns pulse duration, 10 Hz repetition rate) was used in all
experiments with energy levels from 12 to 300 mlJ. The first
configuration is an isolated sphere. A single laser pulse generates a
thermal spot upstream of the bow shock. The interaction of the
thermal spot with the bow shock is shown in Fig. 21. The bow shock
initially lenses forward (Figs. 21aand 21b). Subsequent compression
waves form (Fig. 21c) as the thermal spot is convected downstream
(Fig. 21d). The temporal behavior of the surface pressure on the
centerline is shown in Fig. 22 for energy pulses of 13, 127, and
258 mlJ. The ordinate is the stagnation pressure on the centerline
normalized by its undisturbed value. The initial pressure rise is
associated with the interaction of the blast wave with the sphere. The
interaction of the thermal spot with the bow shock generates an
expansion wave. Upon completion of the passage of the thermal spot



1162

Center Line Surface Pressure, p/p02

Fig. 21 Laser energy deposition.

0.8

Initial pressure rise

Expansion

Transient decay

0.6 Compression -
1 1 | 1 1 1
04 — = = = = = -
0 510° 110 ° 1510 % 210 ¢ 250 * 310 % 35.10
— low Time, t, (s)
""" med
— - high

Fig. 22 Stagnation pressure vs time.

Surface plasma
Main plasma

Subsidiary plasmas
Scattered
\ light

<“— Flow

Microwave
horn (Ku)

s Bow shock

«— Safety screens —

Precursor Plasma at Mach 6

Fig. 23 Schlieren image.



KNIGHT 1163

through the bow shock, a compression wave forms and the surface
pressure recovers to its undisturbed value.

4. Exton et al. (2001)

Exton et al. [61] conducted an experiment with microwave energy
deposition in a Mach 6 flow past a blunt cylinder (diameter
D = 8.26 cm) containing a Ku-band (16.5 GHz) microwave horn
and a °Sr initiator. Square-wave microwave pulses with a power
P =475 kW and pulse duration of 3.5 us were used. Two different
freestream stagnation conditions were examined corresponding to
& =0.5 and 2.0 assuming L = D. The pulse repetition rate was
100 Hz; consequently, there was no interaction between individual
pulses. A time-averaged schlieren image is shown in Fig. 23. The
main microwave discharge is focused just upstream of the shock
wave and has no apparent effect on the shock standoff distance. The
main 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. A
sequence of schlieren images displays a shock originating at the
surface plasma, propagating to the bow shock, and reflected back to
the model surface.

5. Kolesnichenko et al. (2001, 2002, 2003, 2004)

Kolesnichenko et al. [34,62-67] examined the effect of a
microwave filament discharge on the aerodynamic drag of blunt
bodies at M, = 1.7-2.1 in air, argon, carbon dioxide, and nitrogen.
Typical peak microwave power was 220 kW at a maximum pulse
duration of 2 us. Detailed spectral measurements of the plasma
generated by the microwave pulse were performed and analyzed
using a kinetic model. Schlieren visualization displayed the typical
lensing of the blunt body shock due to the interaction with the
thermal spot generated by the microwave pulse. Surface pressure

060

Fig. 24 Interaction of microwave filament with blunt body (left:
schlieren, right: chemiluminescence).

/AL | Model sphere cone.

Stagnation pressure 271 torr

R1=6mm, R2=20mm

Pressure, torr

Static Pressure 41‘ torr
i
0 50 100 150 200 250 300
Time interval after MW pulse
Fig. 25 Stagnation pressure vs time.

)

Fig. 26 Numerical schlieren images.

measurements displayed the initial drop in stagnation pressure
associated with the expansion fan generated by the interaction of the
thermal spot with the blunt body shock. An instantaneous schlieren
image (Fig. 24, left) displays the lensing of the blunt body shock
associated with the interaction of the region heated by the microwave
pulse (Fig. 24, right) with the blunt body shock. Stagnation pressure
measurements (Fig. 25) indicate a significant momentary drag
reduction.

Kolesnichenko et al. [34] presented two-dimensional Euler
simulations for quasi-static and impulsive energy deposition
upstream of a rectangular body at M =1.9. A sequence of
numerical schlieren images are shown in Fig. 26 for the interaction of
a rectangular “density well” (thermal spot) with T, /T,, = 2 (where

12 Well length L = 2D
1.0
£ Well length L = 4D
3 len =
30.8
4
Q.
[ =4
-% 0.6 Phases in interaction
g 1 - wave from the well
g Il - vortex formation
0.4- 1l - vortex blow down
: IV - relaxation
02 T T T T T T
0 1 2 3 4 5 6 7
Time, a.u.

Fig. 27 Stagnation pressure vs time.
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Fig. 28 Stagnation pressure vs time.

T, is the initial static temperature in the thermal spot) with length
L = 3D and height H = 0.25D where D is the transverse dimension
of the rectangular body. The interaction of the thermal spot with the
blunt body shock causes a lensing of the blunt body shock (Fig. 26a)
and the formation of a vortex pair (Fig. 26b) that impinges on the
blunt body surface (Figs. 26¢ and 26d). Upon passage of the vortex
pair, a shock wave forms and propagates upstream (Figs. 26e and
26f). The time history of the stagnation pressure on the blunt body is
shown in Fig. 27 and illustrates the effect of the length of the thermal
spot. The initial pressure drop depends only upon the temperature
ratio of the thermal spot (i.e., the ratio of the thermal spot static
temperature to the freestream static temperature), whereas the final
minimum pressure level depends upon the length of the thermal spot.
An increase in the longitudinal dimension of the thermal spot results
in an increase in the drag reduction. A comparison of an impulsive
energy injection vs a quasi-static energy deposition is shown in
Fig. 28, in which the same energy deposition is applied to each case.
The initial rise in stagnation pressure for the impulsive energy
deposition is associated with the blast wave generated by the energy
deposition. The quasi-static energy deposition is more effective in
reducing the stagnation pressure than the impulsive energy
deposition. Figure 29 illustrates the variation in forebody drag
associated with quasi-static energy deposition with different cross-
stream heights and same lengths for 7, = 27,. Although the time
history of the drag force varies between the two cases, the temporally
integrated drag reduction is nearly the same for the two cases.
Azarova et al. [68] described a series of two-dimensional and
axisymmetric Euler simulations of energy release in a longitudinal
channel upstream of wedge-shaped bodies at Mach 1.89 (Fig. 30).
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g 0.167 /
s
£ 0.14
a L=2D,d=05D

0.12

Puer = 050,
0.10
1 2 3 4 5 6
Time, a.u.

Fig. 29 Drag force vs time.
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Fig. 32 Dependence of drag reduction on wedge angle.

Drag reduction was observed in all cases with the maximum effect
for the blunt body (Fig. 31). The maximum relative instantaneous
drag decrease 8 = (Dgcagy — Dimin)/ Dsicady Was observed to vary
nearly linearly with sin 8 where B is the wedge angle (Fig. 32).
Details of the flowfield including the formation of vortices and their
relationship to the drag reduction were discussed.
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Fig. 33 Flat plate.
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6. Leonov et al. (2001, 2002)

Leonov et al. [69,70] performed a series of experiments to
investigate the effect of surface electrical discharge on flow
properties at transonic speeds. Figure 33 shows the surface electrodes
and flat plate force balance used to evaluate the effect of surface
discharge on skin friction drag at M., =0.95. The electrical
discharge created a surface plasma that formed a subsonic heated
zone near the surface. A friction drag reduction of 15-20% was
measured and confirmed by simulations. Figure 34 displays the
experimental configuration for energy deposition in the vicinity of a
cavity. A drag force reduction of up to 40% was measured in the
presence of the electrical discharge.

7. Zaidi et al. (2002)

Zaidi et al. [71] examined the effect of a single laser pulse on the
structure of an oblique shock wave generated by a 10 deg half-angle
wedge at M, = 2.4 in a combined computational and experimental
study. The energy deposition was modeled as an instantaneous pulse
with Gaussian behavior e~("/7)", Shadowgraph images were
obtained at a 500 kHz framing rate and showed the initial blast wave,
its interaction with the wedge shock and wedge surface, and the
distortion of the shock due to the passage of the thermal spot.

8. Kandala and Candler (2004)

Kandala and Candler [72] performed a computational study of the
effect of asingle Nd:YAG laser pulse (160 mJ, 10 ns) on the drag on a
sphere at Mach 3.45. An 11-species thermochemical model of air
was used together with a radiation model for energy deposition by

laser pulse. The model was validated by comparison with
experimental data for laser energy deposition in quiescent air. The
computed peak surface pressure (Fig. 35) displays an initial rise
associated with the interaction of the blast wave (generated by the
laser pulse) with the sphere. A subsequent decrease in peak pressure
due to the expansion wave generated by the interaction of the thermal
region with the shock is clearly evident, with the peak pressure
dropping by 80%, thereby confirming the capability for drag
reduction. The computed heat transfer shows a similar decrease,
followed by arapid spike due to the impingement of the hot gas to the
sphere.

V. Conclusions

Steady and unsteady energy deposition has been demonstrated in
both experiments and ideal gas simulations to provide significant
drag reduction in supersonic flows through modification of the
flowfield structure. However, two major issues require further
investigation. First, the effect of nonideal gas behavior in the
simulations has not been examined to any significant extent. Recent
results [72,73] suggest that real gas effects (e.g., dissociation of O,)
can be important. A detailed comparison of ideal vs real gas
simulations for the prediction of drag reduction in canonical
configurations is needed. Second, the practical application of energy
deposition for drag reduction requires a detailed systems analysis
taking into consideration the efficiency of energy deposition, size
and weight of energy deposition devices, and control systems.
Recent papers have focused on these important issues [74-76].
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