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Micro-Shock Waves Generated Inside a Fluid Jet
Impinging on Plane Wall
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An Nd:glass laser pulse (18 ns, 1.38 J) is focused in a tiny area of about 100-xm diam under ambient conditions
to produce micro-shock waves. The laser is focused above a planar surface with a typical standoff distance of
about 4 mm. The laser energy is focused inside a supersonic circular jet of carbon dioxide gas produced by a
nozzle with internal diameter of 2.9 mm and external diameter of 8 mm. Nominal value of the Mach number of
the jet is around 2 with the corresponding pressure ratio of 7.5 (stagnation pressure/static pressure at the exit of
the nozzle). The interaction process of the micro-shock wave generated inside the supersonic jet with the plane
wall is investigated using double-pulse holographic interferometry. A strong surface vortex field with subsequent
generation of a side jet propagating outward along the plane wall is observed. The interaction of the micro-shock
wave with the cellular structure of the supersonic jet does not seem to influence the near surface features of the
flowfield. The development of the coherent structures near the nozzle exit due to the upstream propagation of
pressure waves seems to be affected by the outward propagating micro-shock wave. Mach reflection is observed
when the micro-shock wave interacts with the plane wall at a standoff distance of 4 mm. The Mach stem is
slightly deflected, indicating strong boundary-layer and viscous effects near the wall. The interaction process is
also simulated numerically using an axisymmetric transient laminar Navier-Stokes solver. Qualitative agreement

between experimental and numerical results is good.

Introduction

PHERICAL micro-shock waves are produced in the laboratory

by focusing an Nd:glass laser pulse (BMI Company, Ltd.) in
free air under ambient conditions. The amount of energy expended
for producing these tiny shock waves is 1.38 J as measured us-
ing a standard laser energy meter. This is equivalent to 0.3 mg of
conventional TNT explosive. Considering the amount of energy re-
quired for the production of these shock waves, they deserve to be
classified as micro-shock waves. The present study focuses on vi-
sualizing and understanding the complex interaction process of a
micro-shock wave generated inside a circular cross section super-
sonic carbon dioxide jet impinging on a planar surface. The study
is relevant in the background of numerous medical and industrial
applications of micro-shock waves.

Explosive-inducedspherical underwater shock waves have been
successfully used for extracorporeal shock wave lithotripsy.' Laser
ablation, which is a dry photographic etching technique with sub-
micrometer feature resolution and the ability to remove material in
submicrometer layers, is exhaustivelyused in photographicetching
of polymers for lithographic applications? With the ever-shrinking
size of micro-electronic devices, laser-assisted techniques® are in-
creasingly being integrated with the manufacturing cluster tools in
industry. Recent studies on the laser ablation of biological tissues
and synthetic polymers such as polymethyl methacrylate (PMMA),
polymide, and polyethylene-terephthalate (PET) has led to a new
phenomenoncalled ablative photographicdecomposition,which re-
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sults in ejection of ablated material at supersonic velocities* In
most of these applications, shock waves are produced either by ex-
ploding microexplosivesranging from a few micrograms to several
milligrams' or by focusing a laser pulse in a very narrow area of,
for example, a few tens of micrometers in diameter.’

However, the propagation dynamics of a spherical micro-shock
wave is quite complex and is even more intricate when it interacts
with stationary obstacles. When micro-shock waves impinge on
a wall, depending on the strength and the local intersecting angle
with wall, eitherregularor Machreflections® of the shock wave takes
place. The Mach reflection is typically nonlinear in nature with the
formation of a triple point, where a slip line and three shock waves
merge. Subsequently the slip line, which is a shear layer, transforms
itself into a mixing layer away from the triple point, eventually turn-
ingintoa vortex. Whereas there have been numerousstudieson such
shockreflection phenomena, the formation, propagation,and reflec-
tion dynamics of micro-shock waves are still unclear. The situation
becomes cumbersome if the spherical shock wave is intentionally
generatedinside a fluid jet. In areas such as tissue damage problems
in shock-wave-assisted extracorporeal lithotripsy' or optical dam-
age due to the blast wave generation’ in laser-assisted techniques
in the microelectronicindustry, there is a strong need to understand
the basic fluid dynamic behavior of micro-shock waves, as well
as in their interaction with supersonic jets. Some aspects of gen-
eration, propagation, and reflection of micro-shock waves from a
plane wall have been clarified recently by Jiang et al.® The presence
of secondary imploding shock waves in micro-air blasts produced
by pulsed laser focusing has been confirmed recently by Jagadeesh
etal’

The main objectiveof the presentstudy s to visualizequalitatively
the complex micro-shock-wave interaction process with the planar
obstaclein the presence of a supersoniccarbon dioxide jet. Numeri-
cal transientsimulationsare also carried out to understandand verify
the experimental results. Double-pulse holographic interferometry
is usedin this experimentalinvestigation. Numerical interferograms
obtained from Navier-Stokes (N-S) simulations compare well with
the experimentalresults. The details of the experimental and numer-
ical study are elucidated followed by a discussion on the important
observations of the study.
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Experiments

Focusing of a coherent laser beam readily produces a very
high-energy concentration at a peak power density of over several
100GW/cm?, resultingin the breakdown of air.’ The threshold value
of focused laser beam intensity for creating breakdown in gases at
optical frequencies is proportional to (1w?)/(tpy), where I is the
ionization potential, w is the frequency of laser radiation, ¢ is the
duration of laser pulse, and py is the initial gas pressure.!” Once
the energy of the focused laser beam exceeds this value, ambient air
breaks down with subsequentformation of laser plasma. This in turn
generates an outward propagatingblast wave. In the present study, a
pulsed Nd:glass laser (BMI Company, Ltd.) beam with 18-ns pulse
durationis focused in a very minute spot of 100-um diam, creating
micro-air blasts under ambient conditions.

The energy deposition immediately creates a primary spherical
micro-shock wave traveling outward from the focal point. This mi-
croblast takes a slightly elliptic shape at the very beginning, but
quickly transforms into spherical shape within 2-3 us. Because the
energy in the laser pulse is finite, the primary micro-shock-wave
velocity decays with the elapse of time, finally becoming a Mach
wave. At the same time, inside the laser plasma, rarefaction waves
travel toward the point of energy deposition decreasing the density
and pressure around the center of the plasma. Subsequently, the
flow near the center is overexpandedresulting in the formation of
an imploding secondary shock wave.’

Figure 1 schematically shows the arrangement used in the ex-
perimental investigations. The Nd:glass laser system with a beam
diameter of 12 mm has been expanded to 25-mm diam using a
combination of concave and convex lenses. The expanded beam is
then focused into a spot using an achromatic lens of 70 mm focal
length. A double-pulseholographiclaser (Apollo Laser, Ltd., Model
22HD) with a pulse width of 25 ns and 2 J of energy per pulse with
694.3 mm wavelength is used for quantitative flow visualizationin
the experiments. The jet flow from the nozzle is established, which
in turn impinges on the plane wall. When the jet flow reaches quasi-
steady state, the laser pulse is focused inside the jet for producing
the spherical micro-shock wave. Before starting the experiment,
the power supply of the laser is switched on for about 5 min for
initial charging of the device. The supersonic circular jet of car-
bon dioxide gas is produced by a nozzle with internal diameter of
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Fig.1 Schematic diagram of the experimental setup used for generat-
ing micro-shock waves and flow visualization.

2.9 mm and external diameter of 8§ mm. Nominal value of the Mach
number of the jet is around 2 with corresponding pressure ratio of
7.5 (stagnation pressure/static pressure at the exit of the nozzle).
The carbon dioxide gas is fed to the nozzle from a pressure vessel
with a provision to measure the pressure close to the inlet of the
nozzle.

Initially an argon subsonic jet was used in the experiments. How-
ever, considerable difficulties were experienced in visualizing the
argon subsonic jet. Hence, to understand the effect of external fluid
jet on the fluid dynamic behavior of the micro-shock wave, fur-
ther experiments were carried out with a supersonic carbon dioxide
jet. The refractive index of carbon dioxide is larger than argon,
and hence, the gasdynamic features will be clearer in the interfero-
grams. Suitable mechanical fixtures are incorporatedin the experi-
mental setup, which facilitatethe positioningof the nozzleat desired
distances above the planar surface. The planar surface, measuring
96 x 60 x 10 mm, is rigidly fixed on a rigid magnetic housing, and
the mounting table has the provision for movement in all three prin-
cipal axes. In all of the experiments, the standoff distance between
the plane wall and the focal point of laser energy depositionis fixed
at 4 mm. This distance is chosen based on the minimum standoff
distance for the micro-shock wave to reflect back from the surface
as a Mach reflection, which is determined from experiments. Two
different sets of experiments with the distance between the nozzle
outlet and plane wall of 30 and 24 mm are carried out.

Transient axisymmetric N-S numerical analysis is also carried
out for comparison with the experimental results. For the computa-
tional study, only laminar flow conditions near the wall boundary
has been considered treating the micro-shock wave production as
an instantaneousenergy release from a point source.

Numerical Study

Governing Equations

To determine the gasdynamics in the intermediate and far field
of microblasts induced by pulsed laser focusing, the random per-
turbations both in the background and in the inflow conditions are
neglected, and the flows are assumed to be axisymmetricin the sim-
ulations. The hyperbolic system of the conservationlaws, assuming
perfect gas, can be written as
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where U, F, G, and § are the state variable, the fluxes in x and r
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with
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Primitive variables in the unknown U are the density p, velocity
components # and v, and total energy per unit volume e, and p
is the fluid pressure. R, Q, and E are the dissipation terms. The
equation of state for the perfect gas is given by

p=@ - Die—1pw®+ v} )

where y is the specific heat ratio, taken as 1.3.

The coefficients of viscosity and thermal conductivity have been
related to the thermodynamic variables using kinetic theory. Suther-
land’s normalized formula for viscosity has been used for the vis-
cosity computation.

Numerical Methods
The finite differenceequationsof Egs. (1) are discretizedusing the
dispersion-controlkd scheme'! in the form of a half discretization
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Fig. 2 Interferograms of the visualized flowfield at different time in-
stants; distance between the nozzle exit and planar surface is 30 mm:
SL, jet shear layer; CD, contact discontinuity; T, triple point; and M,
Mach stem.
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where 8° denotes second-ordercentral differencing. This scheme is
designed to meet the dispersion conditions. In the preceding equa-
tions, plus or minus superscriptsdenote vector flux splitting accord-
ing to the Steger and Warming method. The time-marching inte-
gration is performed using a second-order Runge-Kutta scheme. I
is a unit vector, B = At/Ax, and A, and Ay are the vectors that

Fig. 3 Interferograms of the visualized flowfield at different time in-
stants; distance between the nozzle exit and planar surface is 24 mm:
SL, jet shear layer; CD, contact discontinuity; T, triple point; and M,
Mach stem.
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consist of the eigenvalues of the matrices A and B, respectively.
No-slip boundary conditions are specified on the wall, while reflec-
tion boundary conditions are used on the axis of symmetry. The
scheme is capable of capturing discontinuity without any numeri-
cal oscillations and is achieved without any artificial viscosity. This
novel feature of the scheme is very useful in highlighting the fine
structures of shock-wave interactions, which diffuse easily, in nu-
merical simulations.

When laser beams are focused into a spot of few tens of mi-
crometers in diameter, due to local high-energy concentration, the
pressure and temperature generated at the spot become hundreds or
thousands of times higher than those of the ambient air. Numeri-
cal simulation of such an explosion requires a very fine mesh, but
at the same time, the computational procedure will be interrupted
as soon as the simulations are started. This is because of the se-
vere numerical oscillations arising from the sharp discontinuities
at the wave front under initial conditions. Hence, it is very critical
to specify the right type of initial condition for successful numeri-
cal simulation. For simulating the blast wave propagationproblems,
two types of initial conditions are generally used: a point source and
an isothermal sphere. A point source of explosion with 1-mm diam
releasing 1.38 J of energy instantaneouslyis assumed in the present
simulations.

However, no attemptis made to model the plasma physicsand the
real gas effects associated with the initiationof microblastbecauseit
is beyondthe scope of the presentinvestigation.Moreover, the focus
of the present study is to predict the intermediate and the far-field
wave dynamics associated with micro-shock wave propagation. To
avoid the difficulty of high overpressure in the micro-shock-wave
frontin the initial stage, the numerical simulations are started a few
microseconds after the blast initiation, when the temperature drops

to slightly lower values. This is accomplished by specifying proper
initial conditions.

Experimental Uncertainties and Numerical Accuracy

The repeatability of micro-shock-wave generation is very high
because it depends only on the successful generation of Nd:glass
laser pulse. Moreover, because both the energy and duration of the
laser pulse is constant, the shot-to-shot variation in the shape of the
micro-shock wave generatedis virtually negligible. However initial
calibration tests have to be carried out to synchronize the internal
delay times of both the Nd:glass laser and the ruby laser so that the
processcan be visualizedexactly at the desired time. A conservative
estimate of uncertainties associated with supersonic jet flow pres-
sure measurements is +4%. This also includes slight variations in
stagnation pressure from run to run due to the pressure loss in the
duct connecting the pressure vessel with the inlet of the nozzle. In
the beginning of the numerical simulations, the overpressurein the
wave front of the microblast is underestimated by 9%; 20 us later,
this error decreases to 5%.

Results and Discussion

Figure 2 shows the sequentialexperimentalinterferogramsshow-
ing the interactionof a micro-shockwave with plane wall in the pres-
ence of the supersoniccarbon dioxide jet. The distance between the
nozzle exit and the plane wall is maintained at 30 mm, whereas
the standoff distance between the surface and the laser focal pointis
4 mm. The presenceof a triple pointand Mach stem emanating from
the surface signifies Mach reflection of the micro-shock wave. The
primary micro-shock wave propagatingupstream toward the nozzle
is virtually unaffected by the jet. However, the shear layer of the jet
is totally shattered after the interaction with the shock wave. The

Fig. 4 Instantaneous density, pressure, vorticity, and velocity contours of the flowfield at = 0 us after laser energy deposition.
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Fig.5 Instantaneous density, pressure, vorticity, and velocity contours of the flowfield at f = 28 us after laser energy deposition.

contact discontinuity of the micro-shock wave still retains its iden-
tity, very close to the stagnation point, but is completely distorted
due to the strong kinetic energy transfer from the jet. This interac-
tion also introduces strong near-surface flow instabilities, and the
subsequent near-field flow structures appear noncoherent. The up-
ward propagating pressure pulsations due to jet impingement are
also noticeable from these interferograms.

Figure 3 shows the sequential interferograms of the flowfield
when the distance between the nozzle exit and the planar surface is
24 mm, with identical flow conditions. Even here the primary micro-
shock wave appears to be totally unaffected by the interaction with
the jet, although slight deflection is noticeable near the nozzle. The
contact discontinuity of the micro-air blast seems to be completely
shattered, and two lobelike structures are seen. Both the sideward
propagatingjet and the upward propagating pressure pulsations due
tojetimpingementare more pronouncedin this case. The Mach stem
is deflected outward due to the strong surface flow current moving
away from the stagnationzone of the planarsurface. A strongsurface
vortex field is also observed from these interferograms.

Because the jet impinges on the plate before the deposition of
laser energy in the experiments, the flowfield is three dimensional
with perturbations propagatingin all of the directions. However ax-
isymmetric transient N-S computations of these phenomena should
reproduce the gross flow features observed during experiments. In
numerical simulations,the microblastis initiated after the jet reaches
quasi-steady-stateconditions, and the typical characteristic time of
the blastis in microseconds. The computed density, pressure, vortic-
ity, and velocity field immediately after the initiation of the micro-
explosion are shown in Fig. 4. In these computations, the standoff
distance is 4 mm, while the distance between the nozzle and the
surface is 30 mm. Significant flowfield features of a supersonic jet

impinging on a plane wall, such as breakdown of the shear layer
induced by the upstream propagating pressure waves, development
of resulting coherent structure, and impingement of vortex ring on
the solid wall, are clearly seen.

Computed flowfield details, 28 us after laser energy deposition,is
shown in Fig. 5. The gross flowfield features observed in the experi-
ments (Figs. 3 and 4) are also captured in the numerical simulations.
A strong surface vortex field, Mach stem, shattering of the contact
discontinuity,and breakdown of the jet shear layer after interaction
with the micro-shock wave are observed from these simulations. To
obtain a more qualitative comparison with the experimental results,
interferograms and shadowgraphs obtained from the numerical re-
sults are shown in Fig. 6a. The effect of microshock interaction
with the supersonic jet flowfield is clearly envisaged from Figs. 6.
The experimentalinterferogram correspondingto the same time in-
stant of 28 us is shown in Fig. 6b. The contact discontinuity of
the micro-air blast, which was almost spherical in the absence of
the supersonic jet, appears to be the region most affected by the
impinging supersonicjet. These near-field instabilities appear to be
the result of strong interaction of the jet vortex with the spherical
micro-shock wave in the near-field region of the planar surface.
Hence, more careful experiments and numerical simulations with
higherresolutionare needed for resolvingthese near-surfacenonco-
herent structures. Incorporatingan appropriate turbulence model in
the axisymmetric transient N-S simulation will also help in further
resolving the nonlinear instabilities in the near-wall region. How-
ever more accurate modeling of the micro-shock-wave generation
by laser plasma, especially in the near field of the blast, will help
to obtain an understanding of the breakup process of the contact
discontinuity and the characteristics of the nonlinear instabilities.
It will also be worthwhile to map accurately the density values of
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Fig. 6b Experimental interferograms of the flowfield with and without supersonic CO; jet; f =28 ps: MB, micro-shock wave; S, planar surface; T,

triple point; and F, focal point of energy deposition.

the flowfield using finite fringe interferometry. Experiments are cur-
rently underway in the Shock Wave Research Center to determine
the density characteristics of the flowfield using finite fringe inter-
ferometry coupled with computer-assisted Fourier-transform-based
fringe analysis.

Conclusions
The interaction process of a spherical micro-shock wave gener-
ated within a supersonic carbon dioxide jet impinging on a planar
surface is visualized using double-pulse holographic interferome-

try. Axisymmetric laminar N-S computations are also carried out
to help understand the micro-shock-wave interaction process. The
important conclusions of the study are enumerated as follows.

1) The primary micro-shock wave remains unaffected after in-
teracting with the supersonic carbon dioxide jet. However, slight
deflection of the shock wave is noticed at a reduced distance be-
tween the nozzle exit and the plane wall.

2) Mach reflection of the micro-shock wave is visualized at the
standoff distance of 4 mm, and the Mach stem is deflected outward
by the side jet produced on the boundary of the wall.



430 JAGADEESH ET AL.

3) Strong nonlinearinstabilitiesare produced close to the surface
due to the interaction of the micro-air blast contact discontinuity
and the jet.

4) A strong surface vortex field is observed on the planar surface
after the interaction process of the jet and the micro-shock wave.

5) Although the upward propagating pressure pulsations due to
jet impingement are observed in the flowfield, the shear layer is
completely destroyed on interaction with the outward propagating
spherical micro-shock wave.

6) However, the shock cell structures seen in the supersonic jet
remain unaffected by the primary micro-shock wave.

7) The downstream convected coherent structures from the su-
personic jet are noticeable in the flowfield, but they disappear on
interacting with the spherical micro-shock wave.

8) In spite of the interaction process, the upstream propagating
pressure waves and the coherentstructuresappearto be phaselocked
at the nozzle exit.

The enhanced near surface instabilities and the generation of the
side jet along with a strong surface vortex field will be useful in
utilizing the micro-shock-wave interaction process with a super-
sonic jet for various surface cleaning applications. Further research
is mandatory for the accurate quantification of the various flow
variables.
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