JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 45, No. 5, September—October 2008

Bow Shock Wave Mitigation by Laser-Plasma Energy
Addition in Hypersonic Flow
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Experimental results of bow shock wave mitigation by laser-plasma energy addition in a low-density Mach 7
hypersonic flow conducted in a shock tunnel are presented. A high-power pulsed CO, laser operating with 7 J of
energy and 30 MW of peak power was used to generate the plasma ahead of a hemispherical model installed in the
tunnel test section. The schlieren technique was used to visualize the time evolution of energy addition to the flow by
laser-induced plasma and the interaction between this disturbed region and the inherent bow shock formed on the
model by hypersonic flow. A complete mitigation of the bow shock profile under action of the energy addition was
observed. The impact pressure on the hemispherical model measured at the stagnation point reveals the correlation
between the schlieren images and the pressure reduction.

I

HE domain of the technology of hypersonic flights involves the

resolution of various technological problems and requires a
high degree of knowledge of interdisciplinary areas such as fluid
mechanics, aerodynamics, computational fluid dynamics, lasers,
plasma, and physics of new high-temperature materials. The
development of airbreathing hypersonic cruiser vehicles for
intercontinental transport of passengers and cargo or for lengthy
military missions and the use of single-stage-to-orbit reusable
vehicles to launch satellites in a more cost effective way are possible
applications of such technology. The adverse conditions of a
hypersonic flight environment (such as the high temperature of the
vehicle leading edge, dynamic pressure load over the vehicle
structure, and chemically reactive nature of the surrounding
atmosphere, imposed by dissociation of N, and O, at the
temperatures levels reached at hypersonic regime) are some of the
challenges faced when designing hypersonic craft.

To solve part of the problems related to hypersonic and supersonic
fields, a new branch of aerodynamics is being developed: plasma
aerodynamics, which is plasma application as a means to control the
flowfield. Among different suggestions, an interesting idea directed
toward this field is the possibility of reducing the aerodynamic drag
and heating of a hypersonic vehicle by adding energy to the air ahead
of it. This active control of the flowfield was suggested by several
authors, with different methods for its accomplishment, in which
theoretical and experimental reports present the plasma generation
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by plasma torch [1,2], electric arcs [3,4], surface electrical discharge
[5],1asers [6—10], and microwaves [11,12]. The use of a focused laser
beam is an attractive solution to attain this goal [13,14]. When the
optical radiation of a high-power laser is focused into a gas medium
above a certain threshold, a laser-induced gas breakdown occurs and
generates a spark in the focal region. The breakdown threshold
depends on gas pressure, laser wavelength, optical system, and
others parameters; for a pulsed CO, laser (IR 10.6 um), itis over the
range of 103-10'° W cm™2, as shown by Hill et al. [15]. The gas
inside the spark volume consists of matter in the plasma state, and the
phenomenon is referred to as laser-induced optical breakdown, or
laser-induced plasma. As a result, a disturbed region with lower
density and higher temperature will be created upstream of the
vehicle. In this scenario, the vehicle will fly in a less dense
atmosphere and will experience an aerodynamic drag reduction, as
well as a possible reduction of heat transfer to the vehicle surface.
Because the effect of energy addition ahead of a vehicle is similar to
the presence of a mechanical spike on the nose of a supersonic craft, it
is referred to as a directed-energy air spike.

The analysis of the laser-induced plasma is not trivial and there is
not a unique theory to explain the phenomenon as a whole; therefore,
at least three approaches are presented for this purpose: the
breakdown wave theory, the radiation theory, and the detonation
wave theory. The reader can obtain detailed development of these
theories in the work of Raizer [16,17]. To give some insight into
optical gas breakdown, four stages can be distinguished in the laser-
induced plasma generation: the formation of initial electron density,
its growing by cascade mechanism, the plasma and detonation wave
generation, and finally the blast wave and hot-gas interaction with the
surrounding medium.

The air in the atmosphere and the gas used in the laboratory tests
are composed of N,, O,, and a wide variety of contaminants such as
aerosol and dust particles of several sizes. In a gaseous medium with
this composition, the main mechanisms responsible for the creation
of the initial electron density needed for the subsequent plasma
development are multiphoton ionization and cascade-collisional
ionization [inverse bremsstrahlung (German for decelerated
radiation)]. In the first mechanism, a molecule acquires the
ionization energy E;, simultaneously absorbing n photons
(Ephoon = hv) of the incident optical radiation, obeying the
condition n = (E;/hv) + 1; the occurrence of this nonlinear optical
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process is very dependent on laser fluence. The bremsstrahlung is an
inelastic collision mechanism in which a free electron is decelerated
and emits electromagnetic radiation when colliding with an atom.
Because both initial and final states of the electron in the collision
are free, it is known as a free—free transition. In the inverse
bremsstrahlung, however, the electron is accelerated at the collision
and therefore electromagnetic energy is transformed into electron
kinetic energy. Thus, after several collisions, the electron acquires
high enough energy to ionize a molecule and another electron is
liberated, giving rise to an avalanche multiplication of charges. After
the establishment of the initial charge density, the electrons (by
means of cascade ionization) quickly increase the total charge
density, generating a high-temperature and high-pressure plasma.
The high temperature and pressure inside the plasma volume induce
the gas expansion at a velocity higher than the local sound velocity,
and while the laser radiation is being absorbed, a similar mechanism
of detonation wave is established; this phenomenon is referred to as a
laser-supported detonation wave. At the end of the laser pulse, this
mechanism ceases, the gas expansion rate decreases, and a
detachment between the hot gas (core) and the shock wave occurs.
The last stage is related to the energy transfer to the surroundings, in
which a blast wave with decreasing velocity propagates in the
medium and the hot gas equalizes the pressure with the environment
and its temperature decreases while transferring energy to the
cold gas.

To elucidate the effects of laser-induced plasma in hypersonic
flow, the nonintrusive schlieren visualization technique [18,19]
associated with a high-speed camera was adopted. The schlieren
technique is based on the angular deflection undergone by a
collimated light beam when passing through a medium that has a
refraction index gradient. This technique is a powerful tool in
hypersonic experiments because it is nonintrusive and is therefore
not a source of undesirable shock waves; it is also not expensive, its
alignment is not difficult, and it furnishes excellent results for shock
wave visualization.

II. Experimental Apparatus

The experiments took place at the Henry T. Nagamatsu
Laboratory of Aerothermodynamics and Hypersonics in Brazil. The
0.3-m Hypersonic Shock Tunnel at the Instituto de Estudos
Avangados was used to produce high-, medium-, and low-enthalpy
hypersonic-flow conditions [20,21]. The tests were realized with a
conical nozzle with a 200-mm exit diameter and a 19.58-mm throat
diameter. Depending on the reservoir temperature 7 of the shock
tunnel (test gas temperature in the inlet of the nozzle), three enthalpy
conditions were defined: low enthalpy if 7 < 1000 K, medium
enthalpy if 1000 K <7, <2000 K, and high enthalpy if
T > 2000 K. In the high- and medium-enthalpy runs, helium was
used as the driver gas, whereas air was used in the low-enthalpy case.
The useful tunnel test time depended of the enthalpy condition and
varied from 400 ps for high enthalpy to 1.500 ws for low enthalpy.
In the high and medium enthalpies, the tunnel was operated in the
equilibrium interface condition and the reservoir conditions obtained
were 4700 K and 92 bar and 1300 K and 180 bar, respectively, and in
the low-enthalpy case, 930 K and 22 bar. The freestream (airflow in
the test section) Mach number for these regimes was 5.6 in the high-
enthalpy tests, 7.0 in the medium-enthalpy tests, and 7.3 for the low-
enthalpy tests. The different Mach numbers were the result of the
different reservoir conditions and real gas effects in the tests.

The facility permits experiments with the use of one pulse of a
high-power CO, transversely excited atmospheric pressure [22] laser
during the useful tunnel test time. The laser operates in the
multimode regime (transversal and longitudinal) and is capable of
producing a single high-energy (7.0 J) short pulse (120 ns full-width
at half-maximum) at 10.6 mm. The laser-pulse profile is composed
by an initial peak (120 ns) and a tail (4 s long), with 50% of the
energy in each. Therefore, when the laser operates with the
maximum energy, the correspondent peak intensity is 30 MW. The
output beam has a rectangular cross section of 34 x 17 mm, and the

laser is filled with a 16:16:68 of CO,:N,:He gas mixture at 1-atm
total pressure.

An optical mounting directs the laser beam inside the tunnel test
section, as shown schematically in Fig. 1. Coupled to the test section
is a telescope mounted perpendicularly to the shock-tunnel nozzle
centerline. The telescope permits us to align the laser spot at the
nozzle centerline. The laser beam is focused inside the test section
through a focusing lens installed in this telescope. A 2-in.-diam NaCl
plane-convex lens with a focal distance of 130 mm was used. To
make the dimensions of the optic beam compatible with the effective
lens area, an optical arrangement was conceived to direct the beam
from the laser to the test section. This assembly uses two 2-in.-diam
flat mirrors and a 3-m focal-length concave mirror (3-in. diameter)
and allows all the energy of the laser to be collected by the lens.

A multichannel time-delay generator synchronized all the
equipment used in the experiment (laser, data acquisition system, and
schlieren system) within the useful shock-tunnel time. The unit was
triggered by a Kistler piezoelectric pressure transducer (model
701 A) located immediately upstream of the nozzle entrance (K1 in
Fig. 1). In addition to being the trigger reference, this transducer also
supplies the reservoir pressure of the nozzle. Two other Kistler 701 A
transducers (located 0.495 m apart at the end of the tunnel-driven
section; K2 and K3 in Fig. 1) were used to time the incident shock
wave.

Two Hamamatsu GE photodiodes (model B1720-02) were used as
light sensors to monitor the generation of the laser pulse (capturing
the light emitted between the laser electrodes) and the emission of the
light source of the schlieren. The acquisition and storage of the data
obtained from the photodiodes and the instrumentation attached to
the model and at the driven section was made using a Tektronix
VX4244, 16 canals, 200-kHz data acquisition system.

The conventional schlieren arrangement was adopted and
conceived to illuminate most of the test-section optical windows. The
test section has two 8-in.-diam quartz windows with a 190-mm
effective vision area. Because of the positions of the optical tables in
the laboratory, an auxiliary optical mounting was necessary to
redirect the collimated lamp beam to/from the test section and to
make it possible to fix the source light at the parabolic-mirror focus,
as shown schematically in Fig. 2. The schlieren visualization system
is composed of a xenon flash lamp, two parabolic mirrors (8-in.
diameter and 64-in. focal length), a knife edge (razor blade), an ultra-
high-speed camera (Cordin 550) used to record the events, and an
objective lens. The camera has 32 CCDs and can capture at a
maximum rate of 2,000,000 frames per second. In this work, the
camera was set to operate at 200,000 frames per second. The
auxiliary mounting is composed of two flat mirrors (8-in. diameter)
used to guide the collimated beam, a focusing lens (3-in. diameter
and 15-cm focal length), and a flat mirror, for which the relative
positions were fixed in such a way that the lamp image is formed in
the parabolic-mirror focus.

Dump Tank

Fig. 1 Schematic of the experimental assembly: laser injection optics,
flat mirrors (FM1 and FM2), concave mirror (CM), telescope (TL),
pressure transducers (K1, K2, and K3), and photodiodes (PD1 and PD2).
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Table 1 Shock-tunnel test conditions

Low Medium High
enthalpy enthalpy enthalpy

Reservoir conditions
Pressure, bar 29 180 92
Temperature, K 930 1300 4700
Enthalpy, MJ/kg 1.0 1.4 7.5
Freestream conditions
Pressure, mbar 5 38 29
Temperature, K 85 132 1079
Density, g/m? 25 101.9 9.33
Mach number 7.3 7.0 5.62

Table 2 CO, laser operating conditions
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Fig. 2 Schematic of the schlieren layout: flat mirrors (FM), parabolic
mirror (PM), and focusing lens (FL).

III. Experimental Results

A hemispherical model (27.5-mm radius) made of stainless steel
was installed in the test section of a hypersonic shock tunnel. It was
equipped with a pressure transducer (PCB 112A22) installed inside a
recessed-mounting hole (as recommended by the manufacturer) at
the stagnation point, to register the impact pressure. The experiments
were performed with the model positioned 10.7 and 7 cm
downstream of the laser focal region. The laser beam was injected
into the tunnel test section perpendicularly to the hypersonic flow, as
seen in Fig. 3, in which the model was positioned 7 cm downstream
of the focal region.

The tests were conducted at high-, medium-, and low-enthalpy
conditions. The nominal shock-tunnel conditions and laser
conditions are presented in Table 1 and Table 2, respectively.

The time history of the laser energy addition was recorded by the
schlieren system. The ultra-high-speed Cordin 550 camera was set to
200,000 frames per second to permit observation of the evolution of
the energy-addition process: the bow shock established by the
hypersonic flow, the laser-plasma ignition, the drag and expansion of
the laser-induced plasma and laser-induced shock wave (LSW), the
interaction between these and the model, and the reconstitution of the
bow shock wave on the model. The trigger system allows the
selection of the desirable instant of the laser-beam injection.

Excellent results furnished by the schlieren technique were
obtained in the experiments. The photograph sequence presented in
Fig. 4 shows the time evolution of laser-plasma energy addition at the
medium-enthalpy condition (5.4-J laser energy with the model
positioned 7 cm downstream of the laser focal region). At the frame
rate selected for the experiment (200,000 frames per second), the

Laser Beam 1

[

Fig. 3 Hemispherical model positioned 7 cm downstream of the laser
focal spot, laser-beam injection perpendicular to Mach 7 hypersonic
flow.

Maximum energy per pulse, J 7.0

Wavelength, um 10.6

Peak pulse duration, full-width at half- 120
maximum, ns

Maximum peak power, MW 30

Total pulse duration, /s 4

Gas mixture 16%CO,:16%N,:68%He

interval between successive frames is 5 us and exposure time is
4 ps. At this condition, a total time of 160 us is registered by the
camera, but for convenience, only 100 s of the time history is
shown in figure. Regarding the images obtained in this paper with the
schlieren technique, the presence of dark spots (at fixed positions) in
the photographs is worth commenting on. The windows of the tunnel
test section have marks caused by diaphragm-debris impact and these
marks appear as the static black spots in the schlieren photograph.

Great care was taken to synchronize the laser trigger after the
establishment of the flow on the model with the bow shock wave
formation, and to confirm these conditions, the camera was set to
capture three photographs (instants 0, 5, and 10 s, not shown in
Fig. 4) before the laser injection. In this experiment, the gas
breakdown occurred in three distinct regions along the focal region
of the laser. The plasma shape varies from one experiment to another
due to the presence of dust and aerosol contaminants in the flow, both
of which decrease the gas-breakdown threshold [23-26], causing
fluctuations of the plasma distribution inside the focal region. As
previously mentioned, the laser beam is injected perpendicularly to
the flow, with the focal zone extended in a cylindrical region, as can
be seen by the plasma brightness extension in the first and second
frames in Fig. 4.

The tear-drop shape (inverted because the laser-beam injection is
from top to bottom) was the more usual shape obtained for the laser-
induced breakdown. However, in several experiments, the
breakdown is generated in more than one region, as in the case
shown in Fig. 4; as the time elapses, the plasma expands and forms a
single surface.

The laser-beam injection is shown at the instant of 15 ps, and the
expansion of the shock wave produced by laser generated hot plasma
and the drag of the plasma core are shown in the interval range from
15 to 45 ps. After this interval, the disturbance caused by the
interaction with the model can be visualized. The laser-supported
directed-energy-air-spike effect can be observed from 50 to 115 us,
and the photograph set shows the mitigation of the bow shock wave
under the influence of energy addition. At the stagnation point, the
frames reveal the effects of the energy addition lasting at least from
50 until 100 ps, and over the total surface of the hemisphere, the
effects go beyond the last frame shown in the Fig. 4, occurring at the
instant of 135 ps. Figure 5 shows this instant and two subsequent
instants (145 and 155 ws) and, for comparison, the instant of 0 us.
The complete recovery of the bow shock produced by the
undisturbed hypersonic flow over the model seems to occur only at
the instant of 155 us, because, as shown in the photographs, it is
possible to visualize the Prandtl-Meyer expansion in the rear part of
the model in the two first frames.
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Fig. 4 Schlieren visualization of the bow shock mitigation by laser-
plasma energy addition with an interval between frames of 5 us; laser
beam was focused 7 cm upstream of the model; medium-enthalpy
condition.

Fig. 6 Laser-plasma energy addition with the model positioned 10.7 cm
from breakdown; time interval between frames of 35 ps; medium
enthalpy; laser energy 7 J.

To facilitate image analyses, a software program was developed in
Visual Basic language, with which the real positions or dimensions
in the photographs can be obtained. Thus, using the program, the
photograph-set analyses reveal that the hot-gas bubble is dragged by
the hypersonic flow at a speed of 1.6 km/s. Using freestream
temperature, Mach 7 is obtained for the drag motion, which is
coherent with the nominal Mach obtained in the experiment.

The effect of energy addition with the model at 10.7 cm
downstream of breakdown is shown in Fig. 6, in which three images
(from 32 obtained in the experiment) were selected. The figure shows
the breakdown generation and bow shock wave on the model, the
hot-gas and LSW expansion, and the bow shock wave mitigation.

The impact pressure at the model centerline was also measured,
revealing a pressure drop during that time interval, as shown in Fig. 7.
This figure shows the voltage response of the piezoelectric pressure
sensor and the signal of laser glow discharge captured by a
photodiode. It is important to note that the photodiode does not
measure the laser-pulse shape, but gives the instant of laser-pulse
generation as reference.

The same behavior of the laser energy addition to hypersonic flow
over the impact pressure was obtained in all experiments. To obtain a
better insight into the pressure reduction, Fig. 8 presents the results of
three experiments attained at the medium-enthalpy condition with
the model installed 10.7 cm downstream of the laser focal point. Two
of these experiments were performed with laser injection (5.3 and
7.0 J), and to improve the analysis, the pressure signal acquired
without laser was incorporated.

Despite the fact that the signal noise has the same frequency as the
pressure reduction associated with tunnel operation, the relevant
feature is that the valley in the signal was always reproduced at a
fixed delay after the laser firing, differently from the random-noise
behavior. Comparing the two pressure signals obtained with laser
injection, it is noted that the energy difference between these
experiments is not large enough to produce a significant change in
their behavior, but on the other hand, the three curves shown in Fig. 8
strengthen the reproducibility of the tunnel operation, as well as the
pressure drop obtained by laser energy addition.

Experiments at the high-enthalpy condition were also conducted
and the results of two of then are shown in Fig. 9 with the model
10.7 cm downstream of the breakdown and laser energy of 6.8 J and
6.0J, upper/down curve, respectively The impact pressure measured
at the high-enthalpy condition is less noisy than the signal obtained at
medium enthalpy, as observed by comparing Figs. 8 and 9. I, on one
hand, the high-enthalpy condition furnishes a less noisy signal, then
on the other hand, the image resolution in the schlieren technique is
reduced, due to the lower flow density in this condition. Therefore,

Fig. 5 Photographs showing the instants of 135, 145, 155, and 0 us.



OLIVEIRA ET AL. 925
7 v T T T T T
6 Pressure Drop
L T~ -
5 Pressure Peak —\ .
> 4 /\
s | / |
QD d
& 3 N M\A 0 A
: AV
2 A\
v
1 P Laser Injection ~ ==oproooeeed
7 Photodiode [
1 " " . ) " "
100 200 300 400 500 600
t, us

Fig. 7 Impact pressure signal associated with experiment of Fig. 4 showing the pressure drop imposed by the laser energy addition.
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Fig. 8 Impact pressure at the model and pressure drop imposed by laser energy addition (5.3 and 7.0 J) and pressure signal without laser; experiments
performed at medium enthalpy with the model 10.7 cm far from breakdown.
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the schlieren sensibility and the camera gain must be improved when
acquiring images in this condition.

The range of the pressure drop obtained in our experimental
conditions stayed between 30 and 60%, and these values are in
agreement with results published in the literature for supersonic and
hypersonic flows [9,27-29]. The time duration of the pressure drop at
the stagnation point, obtained from the impact pressure signal,
furnished the average value of 70 us. A good correlation between
this signal and images displayed by the schlieren technique was
obtained in all experiments. The perturbation caused by laser energy
addition in these experiments lasts about 100 ps. As mentioned
earlier, this value was estimated through the observation of the bow
shock recovery time at the rear part of the model. The duration of the
pressure drop under the influence of energy addition in our
experiments could be larger if the laser were injected parallel to the
flow, because (as seen in Fig. 4) the core shape is an ellipsoid in
which the minor radius is at about half the major radius at the moment
of impact with the model; therefore, a duration two times larger can
be expected with this change. The laser-beam injection in this
configuration will be the subject of future research.

The schlieren pictures obtained in the experiments also show that
the hot gas (core) is still expanding when it collides with the model, as
observed in its time evolution between instants of 15 (breakdown
generation) and 50 us (impact on the model), therefore revealing
that the gas temperature and pressure inside the core is not in
equilibrium with the surrounding.

Another aspect revealed by the pressure signals is shock—shock
interaction [30,31] detected by the pressure transducer at the moment
the LSW reaches the stagnation point. This is caused by the
penetration of the LSW into the bow shock wave. As shown in the
curves of Figs. 7-9, the pressure drop is preceded by a peak of
pressure increase.

The detachment between expansion of the hot gas (core) and the
LSW can be inferred from Fig. 4. When the high-power laser pulse is
delivered to the gas, the breakdown occurs, the hot plasma expands
quickly, and the laser-supported detonation wave is established.
After the laser pulse ends, the detonation mechanism ceases and the
expansion rate decreases. The hot gas starts to expand more slowly
than the LSW, increasing the gap between the core contour and the
LSW, as observed in the frame sequence. The experiments described
in this paper were directed to visualize the effect of the energy
addition to the flow, including the interaction with the model. The
frame rate adequate to this goal is not high enough to make
visualization of the laser-supported detonation wave possible. This
study will be realized in the future, using the maximum speed of the
Cordin 550 camera (2,000,000 frames per second).

The detachments that occurred in two different experiments are
also seen in Fig. 10. In these experiments, the breakdown occurred at
the instant of 15 s, and the instants of 45 and 70 s were selected to

Gas Compression

Gas Compression

Fig. 10 Schlieren visualization of the expansion of the LSW and the
core for instants of 45 and 70 us for two experiments conducted at
medium (upper) and low enthalpy.

a)

Fig. 11 Schlieren visualization of the laser-induced breakdown in
quiescent gas: a) 1 atm and b) 80 mbar.

show the time behavior. The runs were conducted at medium-
enthalpy (upper images) and low-enthalpy (lower images)
conditions. The figure also shows the gas compression near the
core edges, as indicated by the white arrows. When the core reaches
the model, a compression wave propagates in the direction of the core
edges and a layer of compressed gas is generated near the core
surface.

The enthalpy conditions have a great influence on the threshold of
the laser-induced breakdown. At our experimental conditions, in
medium- and high-enthalpy conditions, the breakdown was
generated in 100% of the experiments, whereas in the low-enthalpy
condition, the breakdown occurred only in 40% of the runs. The same
laser settings and driven gas were used in the experiments. At the
present moment, we still do not have a theoretical explanation to
justify the higher threshold observed in the low-enthalpy condition.

The schlieren images also demonstrated that the internal structure
of the core changes with pressure. Before each experiment, both the
optical alignment of schlieren and laser-beam injection were tested.
This procedure was conducted at ambient pressure. The breakdown
generated in this condition discloses a complex inner-core structure
that survives for a long time (milliseconds). On the other hand, for the
freestream pressure levels discussed in the present paper, the core
was homogeneous in all experiments. For comparison, Fig. 11 shows
two schlieren pictures in which the effects of pressure can be
visualized. In Fig. 11a, the breakdown was generated in quiescent
gas at 1 atm, and in Fig. 11b, the breakdown was at 80 mbar. The
elapsed time after breakdown was 120 psin Fig. 11a and 105 usin
Fig. 11b.

IV. Conclusions

The schlieren technique is a powerful tool to analyze experiments
in the hypervelocity field because it is inexpensive, nonintrusive, and
easy to align. In studies of energy addition to the flow, it furnishes
images with a wealth of details about the dynamics of the phenomena
and it can be used to determine laser parameters such as the energy
and repetition rate necessary to maintain a desirable change in the
shock wave profile ahead of a vehicle. The schlieren technique also
makes it possible to study the surface profiles that are more adequate
to hypersonic vehicle design. The possible benefits of this kind of
laser application (such as the drag and heat transfer reduction to
vehicles, maneuver control, and reduction of temperature of parts of
vehicle surfaces) can be at least partially analyzed with this
technique. The images obtained in this paper using this technique are
a good example of its power. The time history of the energy addition
to hypersonic flow by laser-induced plasma generation and its effects
over a hemispherical model can be registered in photographs. In this
way, the breakdown generation, the core and the laser-induced shock
wave expansions, the interaction of both with the model, and the
recovering of the bow shock wave are recorded and the images
provide details of inner structure of the flowfield in this interaction.
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