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Introduction

EDUCTIONS in the drag of hypersonic airplanesis very ben-

eficial, yielding gains in speed and economy of operation. Sig-
nificantdragreductionfor supersonicblunt-nosedbodiesis obtained
using a structural spike extending forward from the nose.! Pressure
drag can drop by 50% or more because the blunt body detached
normal shock is no longer present. However, usefulness of struc-
tural spikes is limited due to cooling requirements and frictional
drag. Nonstructuralspikes, produced by depositingenergy at an up-
stream point in the flow, may generate similar drag reduction as
structural spikes.

The potential of using energy-assisted shaping of high-speed
flows has been the subject of several investigations. Bushnell® sug-
gested that energy tailoring could produce two benefits: 1) high
effective fineness ratios with accompanying drag decrease and 2)
sonic boom reduction for supersonic aircraft. Miller and Carlson?
and Batdorf* investigated the possibility of reducing the strength of
sonic booms using energy deposition.

Marsh et al.’ and Toro et al.5 considered using directed energy
to detonate air in front of a vehicle, to form a detached blast wave
surroundingthe vehicle. The vehicle then flies behind the blast wave
shock at a much lower effective Mach number, thereby reducing
wave drag.

The Russian literature contains many papers investigating the ef-
fect of energy deposition upstream of supersonic and hypersonic
blunt bodies. A review of this literature was recently presented.”
Russian scientists have done numerical studies that show that up-
stream energy deposition can reduce wave drag for spheres and
elliptic-nosedbodies up to 50% or more. They have also shown that
it is possible to generate lift and pitching moment by moving the
energy deposition point off the centerline. The Russians have also
done experimentsusing electric discharges and lasers to depositen-
ergy into the flow and obtained photographs of the modified shock
structure.

Riggins et al.® recently presented a numerical study of wave drag
reduction using energy deposition at a point on the centerline in
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front of hypersonicblunt bodies. The energy depositionmodified the
shock structure and resulted in wave drag reductions of up to 70%.

There is no consensus agreementas to the cause of these changes
in wave drag. It may be due mainly to heat addition and the re-
sulting higher temperatures, or it may be due to gasdynamic effects
caused by nonequilibrium plasmas. The objective of this study is
evaluate the feasibility of using focused energy deposition to mod-
ify the flowfield around hypersonic blunt bodies and to reduce wave
drag. Energy deposition is considered both on and off the stagna-
tion streamline. Upstream energy deposition results in significant
drag reduction. Off-centerline deposition locations are of interest
due to modification of both lift and pitching moment. Upstream
energy deposition could influence hypersonic vehicle design by 1)
requiring smaller propulsion systems, 2) reducing fuel consump-
tion, 3) increasing structural integrity, 4) enabling larger payloads
at smaller takeoff gross weight, 5) increasing lift-to-dragratios, and
6) resulting in new and unique control systems.

Computational Methodology

This research was done using a modified version of the time-
marching Navier-Stokes code SPARK, originally developed by
Drummond et al.” at NASA Langley Research Center. The full vis-
cous Navier-Stokes equations with variable thermodynamic and
diffusion properties and variable specific heats are solved in an ex-
plicit time-marching fashion.

Energy deposition in the flow was modeled by modifying the
energy equation to include an energy source term. The source term
represents the volumetric heating rate, defined as Q/(N A A), where
A A represents the side area of a grid cell in the deposition volume
and N is thenumberof grid cells in the depositionvolume. Typically,
A A is rectangular in shape with an axial x length of 2/15 and
a height z of h/56, where h is the blunt-body height. It has unit
thicknessin the y direction, so that Q has units of kilowatt per meter.

Convergence of the flowfield solution is determined by monitor-
ing drag of the body. Typically drag reaches its asymptotic limit
prior to 20,000 iterations. However, solutions are generally run for
40,000 iterations to ensure convergence. Grid refinement and time
convergence are discussed in Refs. 8 and 10.

All calculations assume zero angle of attack and laminar flow
with a Prandtl number of 0.7. Air dissociationis not considered.No
attempt is made to model the base of the blunt body. The base may
be considered to be the aft end of an impulse engine providing the
required thrust for the given cruise condition.

Analysis

The ratio of drag with power deposition to drag with no power
depositionis defined®!° as

Dmod _ Dmod Voo
Drcf a Drcfvoo

Rp = )]
where R, is also equal to the power required for cruise, with energy
deposition divided by the power required for cruise with no energy
deposition.

Power effectiveness is defined as the ratio of propulsive power
saving due to flowfield modification divided by the power required
to modify the flowfield®!? such that

SD =(Drcf - Dmod)voo/Q =(Drctvoo/Q)(1 - RD) (2)

where Q is the energy depositionrate. Sp, represents the efficiency
of the energy deposition process from a management standpoint.
Small values of R and large values of Sp are desirable.

Off-centerline energy deposition creates lift and pitching mo-
ment. Parameter S, represents the ratio of lift power created to
power deposited in the flowfield:

SL =Lmodvoo/Q (3)
Parameter Sy, representsthe ratio of pitching moment power created
to power deposited in the flowfield:
Mmod Voo

Sy =
M Qh
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Results and Discussion

The effect of modifying the flowfield using upstream, focused
power addition is investigated for a two-dimensional blunt body
flying at Mach 6.5 (V. =1981 m/s) at an altitude of 30 km
(P, =1185.5 N/m?, p,, =0.01786 kg/m?) at zero angle of attack,
as shown in Fig. 1. The body has a cylindrical nose, a thickness
h =0.015 m, and essentially an infinite length. Calculations were
carried out to 0.0165 m behind the stagnation point. Results are
presented for a power deposition point located on the stagnation
streamlineat x/ h =—0.9 and z/ h =0 (0.135 m in front of the stag-
nation point). Off-axis positions were located at x/ h =—0.9 and
z/ h =0.1, 0.2, and 0.3. The power deposition volume is rectan-
gular in shape with an axial length of /#/15 and a height of 4/56
centered on the deposition point. The problem is two dimensional;
hence, the width can be taken as 1 m.

Shock Layer Structure

Figure 2 presents pressure and Mach number contours for the
blunt body with no energy addition in the flowfield. They are sym-
metric aroundthe body. The shock standoffdistanceand shock shape
are in good agreement with the predictionsof Billig.!' The pressure
is large near the stagnation point and decreases as the flow expands
around the shoulderof the body. There s a large subsonicregionnear
the stagnationpoint that extends well up on the shoulderof the body.

Figure 3 presents pressure and Mach contours for 60 kW/m of
energy addition at x/h =—0.9 and z/h =0.3. The shock stand-
off distance and shock shape are complicated functions of position
around the nose of the body. An oblique shock forms at the energy
deposition point. The flow behind this oblique shock is supersonic,
and this leads to a strong shock perpendicularto the body at the body
stagnation point. This perpendicular shock is part of the secondary
shock system, and it merges with the oblique shock to form the
bow shock below the body. There is a large subsonic region near
the stagnation point that extends from the normal shock just behind
the oblique shock to well up on both the top and bottom shoulders
of the body. Embedded in the subsonic region is a small supersonic
region located near the shock that is perpendicularto the body. The
pressureis large near the body stagnationpoint and decreases as the
flow expands around the top and bottom shoulders of the body. In

Altitude = 30 km

z/h

h=0.015m

P =11855 N/m’

Fig. 1 Schematic of the hypersonic blunt body.
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Fig. 2 Nondimensional pressure and Mach number contours for the
reference case.

Table1 Variation of Rp and Sp with Q, D¢ = 663 N/m

0,

kW/m ONR Z/h=0 z/h=0.1 z/h=02 z/h=03
Rp

0.0 0.0000 1.00 1.00 1.00 1.00

40 0.0038 0.830 0.906 0.928 0.951

20.0 0.0192 0.536 0.748 0.814 0.897

40.0 0.0384 0.474 0.725 0.774 0.909

60.0 0.0576 0.448 0.695 0.775 0.889
Sp

0.0 0.0000 — B S S

40 0.0038 5538 30.9 23.6 16.1

20.0 0.0192 305 16.5 12.2 6.76

40.0 0.0384 17.3 9.03 7.42 2.99

60.0 0.0576 12.1 6.68 4.93 243
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Fig. 3 Nondimensional pressure and Mach number contours for
60 kW/m deposited at x/h =— 0.9 and z/h = 0.3.

summary, off-axis energy depositionleads not only to very compli-
cated shock structure and flow patterns but also to production of lift
and pitching moment and to reduction of vehicle drag.

Drag Ratio and Effectiveness

The variation of R and Sp as a function of the magnitude and
positionof the power depositedin the flowfield yields furtherinsight
into the possible power savings. As the deposit point moves away
from the centerline, energy deposition becomes less effective, but
even for the least effective case drag is reduced by 10%. Sp, is large
for low Q and drops off as Q increases and as the deposition point
moves away from the centerline. Table 1 presents values for Rp and
Sp. Note that Sp, is undefined for Q =0.

Lift and Pitching Moment Effectiveness

Recall that S; is proportional to the ratio of the lift produced to
the power deposited. Large values of S, are desirable. S, is large
for low Q and drops off as Q increases and as the deposition point
moves away from the centerline. Table 2 presents the values of S,
and S,;. The values of S; and S, are undefined for 0 =0.

Remember that S, is proportionalto the ratio of pitching moment
created to Q. Both S; and S,, are large for low Q and drop off as
Q increases and as the input point moves away from the centerline.

Comparison to Russian Work

The Russians’-!? presented three-dimensionalresults for R, and
Sp atMach 1.5,3, and 5. The currenttwo-dimensionalresearchis at
a higher Mach number, is completely viscous, and applies to a wing
leading edge as opposed to the Russian three-dimensional work,
which applies to a nose cone. Reference 7 defines a nondimensional
power ratio parameter Q, as the ratio of the energy depositionrate
to the kinetic energy flux of the freestream intercepted by the body:

. Q,px Y,

s = 5
¢ 0.5p U2 T R3 )
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Table2 Variation of S;, and Sy, with Q

0,
kW/m Onr Z/h=0 z/h=01 z/h=02 z/h=03
SL
0.0 0.0000 e e —_
4.0 0.0038 1.86 18.0 19.1 16.6
20.0 0.0192 0.163 7.18 14.0 11.1
40.0 0.0384 0.063 5.67 7.40 7.18
60.0 0.0576 0.00205 4.46 4.55 5.51
Sum
0.0 0.0000 e e —_
4.0 0.0038 0.993 12.0 10.8 9.16
20.0 0.0192 0.0903 3.46 8.03 6.00
40.0 0.0384 0.0375 243 3.83 3.69
60.0 0.0576 0.0123 1.95 2.33 2.80
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Fig.4 Comparison of current and Russian Rp, profiles for energy ab-
sorbed along centerline (upstream of body at z/k =0).

where Q, is the energy deposition rate (watt per kilogram), U,
is the freestream velocity (meter per second), po, is the freestream
density (kilogram per cubic meter), V, is the cylindrical volume in
which the energy is absorbed (cubic meter), and Ry is the radius
of the spherical body (meter). The corresponding nondimensional
power ratio in the current two-dimensional research is

Oxg = 0/0.5p0 V2 h 6)

where values of Oyg are given in Tables 1 and 2.

Figure4 showsa plotof Rp vs either O, or Oxr. The Russiandata
are shown as dashedlines. There are several differencesbetween the
flow conditions and geometry of the Russian and current calcula-
tions: 1) Russian is three dimensional, current is two dimensional;
2) Russian for My, =1.5, 3, and 5 and three Reynolds numbers,
103, 10*, and 10°, current for M, =6.5 and Re =3.7 X 10*; and
3) Russian and current absorption spot size and position are differ-
ent. In spite of these differences, the currentcalculationsof R have
the same trends and magnitude of the previous Russian work. The
three-dimensional results allow for pressure reliving and, hence,
have slightly less drag reduction, compared to the two-dimensional
results.

Conclusions

This Note presents a parametric study of the effect of energy
deposition rate at a point upstream of a hypersonic blunt body on
the blunt-body flowfield. It is shown the wave drag is reduced up to
50%, depending on the location of the deposition point. When the
deposition point is moved off the stagnation streamline, the energy
deposition also produces a lift force and a pitching moment. Trends
and magnitudes of the currentresults are in agreement with recently
available Russianresults. The modifications in the flowfield created
by upstreampower depositionmay lead to effective ways to stabilize
and control hypersonic vehicles.
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Ablative Laser Propulsion:
An Old Concept Revisited
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Introduction

HE concept of laser propulsion (LP) is not very new. The

idea was introducedin 1972 by Kantrowitz,' passed through a
decade of active research in the mid-1970s and mid-1980s, and cul-
minated in the first field demonstrations led by Mead and Myrabo
in the mid-1990s2~* The intrigue of the concept is that a vehicle
driven by LP needs no engine or fuel in the traditional sense, a major
advantage over any rocket, with a promise of a reduction in pay-
load costs down to $100/kg (compared to $10,000+ for a modern
rocket).*

The decade of intensive research in LP was limited to powerful
lasers available at the time: mostly CO, or sometimes hydrogen
fluoride-deuterium fluoride (HF-DF). To some extent, the concept
was formally divided along two branchesdefined by the type of laser
irradiation: continuous wave (CW) or repetitively pulsed (RP).* Re-
search in the steady-state regime (CW) concentrated on describing
laser-supportedcombustion waves (LSC) at low fluences and laser-
supported detonation waves (LSD) at higher fluences.>* All mo-
mentum transfer in the CW regime occurred through the gaseous
or plasma state so that the choice of fluids as propellants for CW
propulsion was predetermined.
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