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A model of dynamic shock interaction predicts that pulsed energy addition upstream of a bow shock can be
used to weaken the time-averaged shock strength. To explore these shock interactions, tests have been conducted
in a small-scale, blowdown facility with off-body energy addition upstream of an oblique shock wave that was
generated by a wedge in a Mach 2.4 flow. The off-body energy addition was simulated by laser-induced breakdown
(350 mJ/pulse with 10-ns pulse duration). The dynamics of the interactions were captured in both schlieren and
shadowgraph images taken at 250,000 and 500,000 frames per second and compared with the computational model.
As expected, the laser-induced thermal spot weakened the oblique shock. The images also show the dynamics of the
interaction between the shock waves generated by the laser breakdown in the flow and the oblique shock, including
reflections off the wedge body. The results from the near-field experiments give insight into approaches that can
be used to optimize the energy addition for practical applications, including sonic boom reduction.

Introduction

T HE use of continuous energy addition to the external flow
around the vehicle has been considered for many years, both for

drag reduction1−6 and for sonic boom mitigation.7,8 The drag reduc-
tion work has led to the implementation of a combustion-augmented
air spike that was developed for the Trident missile back in the
1980s.9 The concept of using off-body heating to mitigate sonic
boom was proposed in the 1970s9 but has never been implemented.
In both cases, the heat was added through combustion. With the Tri-
dent, hydrogen was injected at the tip of the air spike and the flame
stabilized by a disk. The presence of external burning caused sub-
stantial drag reduction. More recently, work has been done exploring
the plasma arc torch concept for drag reduction3,10 through the use
of powerful off-board or on-board microwave sources. In the ex-
periment performed by Beaulieu et al., a free, localized microwave
discharge was generated upstream of a model in a Mach 1.4 flow
by a focused off-board microwave beam.11 In a work carried out by
Exton et al., the plasma was generated by an on-board microwave
source.12 In that case, the microwave discharge occurred at the bow
shock rather than in front of the bow shock, where energy deposition
would be preferred. Tretyakov et al. were the first to use a pulsed
optical discharge in a supersonic flow to affect the shock structure.5

They conducted their work in a Mach 2 argon flow and focused
a 2.5–100-kHz CO2 laser into the flow upstream of a cylindrical
model with a 60-deg angle cone. Similarly, a single laser pulse was
used by Yan et al.13 to investigate its effects on the shock-wave and
flowfield structure associated with symmetric intersecting oblique
shock waves. They demonstrated that as a result of energy addition,
Mach stem decreased to 20% of its original height before returning
to its original height.13 Local modification of the shock structure
in supersonic flows has also been demonstrated by Adelgren et al.,
who conducted their experiment in a Mach 3.45 facility.14

Pulsed energy deposition is a natural preference if high-power
microwaves or laser beams are used because the power of the elec-
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tromagnetic field must exceed the breakdown threshold in order to
generate charge carriers for continued absorption. The powers re-
quired to achieve breakdown, even with effective focusing, usually
far exceed the average power available from the device. Thus, op-
eration in the pulse model facilitates the breakdown and leads to a
further reduction in the total power required through the duty cycle
of the device.

Sonic Boom and Mitigation Techniques
Shock waves generated by a supersonic object produce a sonic

boom on the ground. Sonic boom formation has been the main ob-
stacle in the development of supersonic/hypersonic vehicles. For
a supersonic aircraft, the near-field shock structure is a complex
array of shock waves that originates from various parts of the air-
craft. In the far field these shock waves coalesce and produce an
N-shape pressure signature on the ground. Although the sonic boom
is a far-field phenomenon, several near-field techniques have been
suggested to attenuate the shocks with the assumption that these
techniques will eliminate or partially reduce the sonic boom on the
ground. These techniques include the design of exceptionally long
aircraft,15 the use of underwing thermal gradients,16 and the possi-
bility of high-speed oscillations of flight velocity.17 Current work
focuses mainly on the development of long, thin aircraft because
the other methods seem unrealistic due to practical considerations.
Energy addition is an alternate approach to overcome these practi-
cal problems. It has been argued that upstream energy addition to
a supersonic vehicle may weaken the shock wave and may prove
to be a useful approach to suppress the sonic boom on the ground.
Recent work related to the Defense Advanced Research Projects
Agency (DARPA) Quiet Supersonic Platform Program, which was
conducted at Princeton University, addressed these issues in greater
detail. The details of this project have been presented by Miles et al.18

The results indicated that steady-state, off-body energy addition can
reduce the far-field signature primarily by suppressing the far-field
coalescence of the various shock waves originating from the var-
ious parts of the vehicle.18 The present paper contains follow-on
work to that project. New theoretical and experimental results that
investigate the influence of upstream pulsed energy deposition on a
shock-wave structure in the near field of a model in a Mach 2.4 flow
are presented. Both theoretical and experimental approaches have
been adopted to investigate the complex dynamics of interaction of
the entropy spot resulting from the pulsed energy deposition in the
flow, with the shock wave generated from a model in the supersonic
flow. The following sections describe both the experimental and
theoretical approaches adopted in this study in greater detail.
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Computational Modeling
Computational modeling was performed to investigate the dy-

namic effects of energy addition upstream of the shock wave pro-
duced by a model in the flow. Theoretical work was conducted
at the flow conditions used for the experimental studies [M = 2.4,
p0 = 1 atm, T0 = 136 K, and γ = 1.4 (ideal gas)]. In the wind-tunnel
experiment a wedge of 15-mm length and a 20-deg inclusive angle
was used to generate the required shock wave in the flow. How-
ever, a diamond-shaped model was used whose front half had the
dimensions of the wedge employed in the experiment. The main
reason for using a diamond-shaped model was to avoid the flow
instabilities generated at the sharp trailing edge of the wedge and
to simplify the computational calculations. A laser spark produced
a cylindrical shock wave and a rarefied thermal spot that moved
together downstream with the flow. The energy deposition region
was assumed to have a cylindrical shape and a Gaussian distribu-
tion in the (x, z) plane with effective radius (reff) of 0.125 cm. In
the experiment the laser pulse energy focused in the flow was about
350 mJ/pulse. A 40% coupling efficiency was assumed that corre-
sponds to Q0 = 0.137 J/cm, where Q0 is the total heat dissipated by
the flow per unit length in a direction normal to the flow stream.

The dynamic effects of energy addition were investigated by us-
ing a time marching two-dimensional Euler code. The set of Euler
equations in Cartesian coordinates together with the ideal gas equa-
tion of state were used in the form
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p = (γ − 1)ρε (3)

e = ρ[ε + (u2 + v2)/2] (4)

where ρ and p denote the gas density and pressure, respectively; u
and v are the x and z velocity components; e is the total energy of
the gas per unit volume; and ε is the internal energy per unit mass.
P(x, z, t) is the power density of the source of energy released in
watts per cubic meter.

Computations were performed by a widely used second-order
MacCormack method (see Ref. 19) on a rectangular grid. Results
were grid independent with high accuracy. (Changing mesh size by
±50% caused a change of about ±1% in the computed results.) The
physical coordinates (x, z) were transformed into (x̄, z̄) according
to the following transformation:

x̄ = x, z̄ = z/zb(x), z̄ ∈ [0, 1] (5)

where zb(x) is the coordinate along the upper boundary of the re-
gion of computation. On the wedge surface the velocity compo-
nent normal to the wedge surface was assumed to be zero. As
τpulse � L/Mc0, the energy deposition process can be considered
as instantaneous, and therefore

P(x, z, t) = Q(x, z)δ(t − t0) (6)
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where τpulse is the pulse width of the laser (10 ns), L is the length
of the test section (distance between the laser focus and the oblique
shock wave), c0 is the speed of sound in the unperturbed flow, M is
the Mach number, P is the released power density, Q is the spatial
distribution of deposited energy, and Q0 is the total heat per unit
length dissipated by the flow.

Figure 1 presents the computational results describing the dy-
namics of the interaction of the energy addition with the shock
wave generated by the model. The energy addition itself has gen-
erated a shock wave that grows as it propagates in the flow. The
shock wave along with an thermal spot at its center can be seen
propagating toward the oblique shock in frames 1–3 (Fig. 1). The
complex interaction of the entropy spot with the oblique shock wave
becomes more visible in frames 4–7. Frames 5 and 6 clearly show
the attenuation of the shock wave as it passes through the entropy
spot. The interaction of the shock wave generated by the laser spot
with the oblique shock wave can also be seen clearly in frames 1–7.
The laser-generated shock wave gets reflected from the wedge sur-
face and makes the dynamics of interaction even more complex. It
must be noted that the attenuation of the shock wave depends on
many factors including the pulse energy and the temperature of the
heating spot and the heated region in front of the shock wave. This
has been thoroughly discussed in Ref. 18.

Experimental Results
An experimental program was established to validate the model

predictions for the dynamic energy addition and to examine the real-
time, near-field interactions of the energy addition with the shock
wave produced in the flow. This was achieved by designing a small-
scale Mach 2.4 blowdown facility that was developed to carry out
the DARPA Quiet Supersonic Platform (QSP) program. The method
of characteristics was used to design the Mach 2.4 nozzle contours.
Boundary-layer calculations were taken into consideration to ensure
that a uniform flow was achieved in the test section. The following
nozzle design parameters were used to conduct the experimental
work: Mach number 2.4, pressure ratio 14.62, test section pressure
1 atm (101.33 kPa), and throat area 1.644 in.2 (10.61 cm2).

Figure 2 describes the blowdown facility layout with the test sec-
tion [length 6 in., width 2.15 in. (5.461 cm), height 1.9 in. (4.826 cm)]
location where the experimental work was carried out. The static
pressure in the test section was near atmosphere, permitting local-
ized energy addition by laser-induced breakdown. This relatively
high pressure lowers the threshold for laser breakdown and causes
the region of breakdown to remain well confined so localized energy
addition can be simulated.

A wedge of 15-mm length with a 20-deg inclusive angle was in-
troduced into the flow. The shadowgraphs and schlieren images were
obtained by using a 200-mW continous wave argon-ion laser. The
quality of the shadowgraphs was improved by replacing the lenses
with the concave mirrors, which collimated and then refocused the
beam on the screen. A 10-Hz YAG laser was employed to add the
energy in the flow. The pulse energy was about 350 mJ/pulse, and
a 100-mm-focal-length lens was used to obtain a breakdown in the
region of interest upstream the model. A Princeton Scientific In-
strument Ultra Fast Framing Camera (PSI-4) was used to capture
the shock-wave interactions in the test section as the energy was
added to the flow. This camera is a high-speed, solid-state imaging
system that uses a PSI charge-coupled device (CCD) image sensor
(80 × 160 pixel array). The CCD image sensor provides an on-chip
storage array for 29 images (28 are usable), which can be exposed
at burst rates of up to one million frames per second. The camera
was operated at −20.0 to −30.0◦C to reduce dark current during
the readout time. Two mechanical shutters are used to provide high-
speed response of the electronic shutter and the ultimate attenuation
of the mechanical shutter during the readout. The video signals are
digitized and sent to a data acquisition computer.

Before taking any images of the interaction between the laser-
induced thermal spot and the oblique shock wave from the model,
the PSI camera was tested to ensure the required performance of
the system. Schlieren images of the laser spark and the associated
shock wave were taken in the test section without any flow in the
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Fig. 1 Two-dimensional, time-accurate model of laser spark and the oblique shock wave interaction (density contours). Flow is from left to right.

Fig. 2 Mach 2.4 blowdown facility with the test section to perform experimental work.
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Fig. 3 Schlieren setup to image shockwaves in the test section: 1, argon ion laser; 2, microscope objective ( ×× 10) with a pinhole of 50-µm diameter;
3, collimating lens; 4, reflecting mirrors; 5, test section; 6, model to produce shock wave; 7, laser spark; 8, focusing lens; 9, knife edge; 10, screen; 11,
megahertz rate framing camera; and 12, YAG laser.

tunnel. The PCI CCD camera was operated for various integration
times (from 2.0 to 16.0 µs). The camera was externally triggered
from the YAG laser system that was used to a thermal spot in the
tunnel. Schlieren images of the laser spark along with its associated
shock wave have been presented elsewhere20 and are not discussed
in this paper.

To investigate the impact of energy addition on the shock-wave
structure, the laser was focused 10 mm upstream and 10 mm below
the model used for producing shock waves in the test section of
the tunnel. The time-gated technique was used to capture the shock
waves in the region of interest and, for this purpose, the camera
trigger signal was delayed by 200 µs (relative to the laser pulse).
Figure 3 describes the imaging setup along with the energy addition
mechanism upstream of the model.

Figure 4 describes the experimental results as the shadowgraph
images were captured with the desired flow in the tunnel. Flow is
from left to right, and the laser was focused at the position 10 mm
upstream and 10 mm below the model. For the results in Fig. 4, the
frame integration time was 2 µs. The images in Fig. 4 clearly show
the thermal spot and the associated shock waves propagating with
the flow before they interact with the oblique shock wave generated
by the model (frames 1–6). As the thermal spot passes through the
oblique shock wave, a significant distortion and weakening of the
model shock can be seen in frames 12–24. The distortion of the en-
ergy spot is also clearly visible. The full recovery of the shock wave
after the thermal spot’s interaction can be seen in frames 24–28.

Discussion of Results
Before going into further detail, it is important to note the re-

markable agreement between the computational and experimental
results presented in this work. The distortion of the oblique shock
wave by the presence of the thermal spot has been seen, as was
predicted by the simulation results. The experimental shadowgraph
images in Fig. 4 can be compared with simulated images from dy-
namic models of the interaction with the same conditions. A first
step in that simulation can be seen in Fig. 1, where the interaction
of the localized energy deposition region with the model shock is
predicted. Even though that is a two-dimensional geometry, there is
a similarity in the shock bending and weakening.

As argued earlier, the interaction of the thermal spot and its as-
sociated shock wave with the oblique shock from the model is a
very complicated process. In fact the shock wave associated with
the thermal spot interacts with the model shock before the thermal
spot itself interacts with the model shock. The shock associated

with the thermal spot gets reflected from the model surface down-
stream to interact with the expansion fan at the right-hand edge of
the model, as has been shown in Fig. 4 (frames 9–20). In the pres-
ence of interaction of two shock waves along with the interaction
of the thermal spot with the model shock, it is important to predict
and analyze the pressure variations in the near field, which then can
be used to understand the far-field phenomenon. This was achieved
by conducting a theoretical study in which localized energy addi-
tion was considered with and without the shock wave surrounding
the thermal spot. Figure 5 shows the results from this calculation.
The real difference between the two cases in Fig. 5 can be seen in
terms of the pressure variation along the surface, 2.5 cm below the
model, as shown in Fig. 6. In the case when the laser spot is focused
10 mm upstream and 10 mm below the model, the pressure varia-
tion is maximum. The rise in pressure is due to the interaction of
the shock wave surrounding the thermal spot with the oblique shock
wave, whereas the pressure decreases when the thermal spot inter-
acts with the model shock. In addition, the interaction of the shock
waves with the expansion fan located at the far right-hand edge of
the model affects the pressure in a complicated fashion. This leads
to severe fluctuations in the predicted pressure, as has been shown
in Fig. 6. As the localized energy position is moved farther away
from the model edge (40 mm upstream), the shock wave around the
thermal spot becomes weaker and the corresponding pressure vari-
ations become smaller in amplitude, as can be seen in Fig. 6. For the
isobaric case (thermal spot without any shock wave) where the pres-
sure inside the deposition region has been assumed constant, only
the interaction of the thermal spot has been analyzed. It was found
that the pressure associated with the oblique shock wave reduced
without any large fluctuation (Fig. 6). It is worth mentioning that
for an effective sonic boom reduction, the position of the energy
deposition region should be optimized such that the shock wave
generated by the spot becomes weaker before it reaches the model
shock. In this way the interaction of the thermal spot would have
a more pronounced impact on the model shock wave. The current
work suggests that the localized energy deposition at a distance of
one body length upstream and one body length below the model
can be considered as an optimum position for energy deposition in
the flow. It is clear that far-field measurements are required to op-
timize the position of the energy source and to see the real impact
on the sonic boom signature on the ground. Far-field measurements
are beyond the scope of the current work, which was conducted
in a laboratory environment to investigate the near-field effects of
off-body energy addition on the shock wave that was produced by
a small-scale model in a supersonic flow.
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Fig. 4 Shadowgraph images of the interaction between the laser thermal spot and the oblique shock wave from a wedge in a Mach 2.4 flow. Images
are 2 µs apart (frame integration time).
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a)

b)

Fig. 5 Cylindrical shock wave and a) thermal spot interaction with
the oblique shock at t = 48 µs after the laser spark and b) thermal spot–
oblique shock interaction at the same time moment.

a)

b)

Fig. 6 Energy addition: a) computational predictions of maximum rel-
ative pressures at the bottom of the test section for various energy ad-
dition positions and b) position for localized energy addition to predict
pressure variations in the model shock.

Conclusions
The interaction of the laser-induced breakdown with a model

shock wave in a Mach 2.4 flow has been investigated. The compu-
tational code developed in this study predicts the weakening of the
model shock as the thermal spot interacts with it. An experimental
program has been launched to validate the computational results in
a small-scale wind tunnel. The near-field measurements in the wind
tunnel reveal the predicted interactions in a series of images that were
obtained by using both the schlieren and shadowgraph techniques. A
fast-framing-rate camera was used for this purpose. The experimen-
tally observed interaction between the thermal spot and the model
shock clearly indicates the weakening and bending of the model
shock in the near-field region. On the basis of the experimental ob-
servations and the theoretical studies conducted in this work, it has
been argued that the off-body energy addition technique can be con-
sidered as a practical way of reducing the sonic boom on the ground.
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