AIAA JOURNAL
Vol. 42, No. 11, November 2004

Numerical Studies of Laser-Induced Energy
Deposition for Supersonic Flow Control

Ramnath Kandala* and Graham V. Candler®
University of Minnesota, Minneapolis, Minnesota 55455

This work deals with the computational study of localized laser energy deposition in supersonic flows. A model for
Nd:YAG laser energy deposition in air has been developed for this purpose. It is designed to predict the fluid dynamic
effects of the energy deposition process in supersonic flows. The key physical processes are captured, including
inverse bremsstrahlung absorption, evolution of the plasma shape and structure, air breakdown chemistry, and
the subsequent fluid dynamics. The model is validated using measurements of experiments done in quiescent air.
The effects of energy deposition in three-dimensional supersonic flow past sphere and a flow with Edney type IV
shock-shock interaction were studied. The energy deposition was found to be effective in reducing the peak surface
pressure, but not as effective in lowering the surface heat-transfer rate. In the case of flow with Edney type IV
shock-shock interaction, a study was performed to find the optimal location for the energy deposition, for which

there is maximum decrease in the surface pressure.

Nomenclature
A, B = constants of reflectivity
C = Jacobian matrix
c = speed of light in vacuum, m s™!
E = energy, ] m~?
e = specific energy, J kg™!
e~ = electron
F = flux in axial direction
G = flux in radial direction
ge = electron thermal speed, m s7!
h = Planck constant, J s
hy = specific enthalpy, J kg™!
I = intensity, W m~2
k = Boltzmann constant, J K~!
k. = electron thermal conductivity, J m~!' s=! K~!
L, = axial length of plasma region, m
M = heavy particle
m = mass, kg
n, = electron number density, m~>
p = pressure, Pa
0] = cross section of absorption, m?
Ocn = average collision cross section, m?
On_. = heavy particle-electron energy exchange, J m=3 s~!
0, = radiative energy source, J m3s!
QOr_, = translation-vibration energy exchange, J m=> s~!
Q,_. = vibration-electron energy exchange, J m=3 s~!
q = heat flux, Jm2 57!
Gas = average absorption rate, ] m=3 57!
r = radial direction, m
T = temperature, K
t = time,s
U = vector of conserved variables
u = velocity, m s™!
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y = diffusion velocity, m s~

w = source vector

w = generation rate, kg m—3 s7!

X = axial direction, m

z = fraction of ionization

o = fraction of reflected energy incident on adjacent cell
B = arc angle about leading edge of sphere
Seh = inelastic loss factor

€ = ionization potential, eV

Kq = absorptivity coefficient, m™!

Ky = reflectivity coefficient

A = wavelength, m

v = frequency, s~

Ve = electron-heavy particle collision frequency, s™!
0 = density, kg m™3

7 = shear-stress tensor, N m—2

Subscripts

e = electron

h = heavy particle

i, ] = cell (i, j)

s = specie s

v = vibration

Superscript

n = time step

Introduction

HEN a powerful laser is focused into air or onto a target, an

intense spark or plasma is formed. This plasma can be used
for a variety of aerospace applications including flow control,"? igni-
tion of combustion gases,? laser thrusters,* and propulsion systems.’
In the present case, we are interested in laser energy deposition as
a means of localized flow control. Energy deposition increases the
gas temperature in the plasma region and produces a pressure wave,
which can be used to modify the local flow to achieve the desired
effect. For example, experiments' have shown that the detrimen-
tal effects of a shock-shock interaction (which can occur on an air
vehicle during maneuver) can be mitigated using localized energy
deposition.

In this work, we use numerical simulations to study the effects
of Nd:YAG laser energy deposition in supersonic flows past blunt
bodies, using computational simulations. The simulation of the en-
ergy deposition process was performed using a numerical model
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that we have developed. This model captures the essential features
of the energy deposition process, namely, absorption of laser ra-
diation, the subsequent plasma formation, and the fluid dynamics
that result from it. The flowfield is described by the Navier—Stokes
equations, with extensions to include the effects of nonequilibrium
thermochemistry and the energy source terms. An 11-species air
chemistry model with finite-rate chemical kinetics is used to sim-
ulate the plasma. We use this model to study energy deposition in
quiescent air, supersonic flow past a sphere, and flows with Edney
type IV shock—shock interaction. We compare our calculations with
the results of experiments conducted at Rutgers University.'

Laser Spark and Detonation Physics

Laser energy deposition into a gas is achieved by focusing a pulsed
laser beam onto a small focal volume. The resulting process can be
described by the following progressive steps (Fig. 1): initial release
of electrons by multiphoton ionization, ionization of the gas in the
focal region by the cascade release of electrons, absorption of laser
energy by the gaseous plasma, rapid expansion of the plasma and
detonation wave formation, and the propagation of the pressure wave
into the surrounding gas.

There are two mechanisms for electron generation and growth.®
The first mechanism, called multiphoton ionization (MPI), involves
the simultaneous absorption by an atom or molecule of a sufficient
number of photons to cause its ionization. MPI is described by the
reaction:

M+ mhy - MT +e”

where mhv represents the energy absorbed from m photons of en-
ergy hv. If €, is the ionization potential, the number of photons
absorbed must exceed €,/ hv. In this process, the electron number
density increases linearly with time. The ionization potential of most
gases is greater than 10 eV. Hence multiple photon collisions on an
atom or molecule in the gas medium are needed because the energy
required to release an electron is greater than the energy absorbed
by a collision with a single photon (~1 eV).

The second mechanism involves absorption of laser radiation by
electrons as a result of electron-neutral inverse bremsstrahlung col-
lisions. This is the reverse of the bremsstrahlung process in which
high-energy electrons, upon traversing a gas or solid, emit radiation
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Fig. 1 Schematic showing the sequence of steps leading to laser energy
deposition in air.

as they slow down. If the electrons gain energy greater than the ion-
ization energy of the gas, they can impact ionize the gas or solid
through the reaction

M+e — MT+2e

This reaction will lead to cascade ionization, that is, the electron
concentration will increase exponentially with time.

Once the cascade ionization is underway, the resultant plasma
absorbs the laser energy to a considerable degree. Raizer’ gives
a detailed description of this absorption mechanism. The primary
cascade ionization occurs in the narrowest region of the converging
light, owing to the high intensity (Fig. 1b). But the absorption is not
confined to a single volume (characterized by the beam radius at the
focal point) in which the primary cascade ionization has occurred.
Instead, once the degree of ionization reaches a high value, cascade
ionization occurs in the adjacent region where the light intensity is
lower. As this new region is ionized, it becomes opaque to the laser
light and absorbs the energy. In this fashion, the absorption region
is continuously displaced towards the lens, producing a wave of
light absorption and gas heating. Raizer’ suggests that the thermal
radiation from the strongly heated region is absorbed by the cooler
gas, which in turn acquires the ability to absorb light. This process
is termed the radiative mechanism. The outcome of this effect is the
distribution of the laser energy over a larger volume, which reduces
the peak temperature.

In the final step of energy deposition, the laser pulse ends, and
the plasma recombines. The focal region of the laser light has been
substantially heated leaving behind a region with higher specific
internal energy as compared to before the pulse. The pressure has
correspondingly increased, and conversely the density has decreased
as aresult of the expansion and rarefaction process. This increase in
pressure and temperature is the fluid dynamic effect of the energy
deposition process.

Mathematical Formulation

The numerical model has to capture the features of the plasma
region (the chemical composition and the state of the gas) that affect
the fluid dynamics. At the same time, it is not required to simulate
the interaction between laser radiation and gas particles in excessive
detail. Therefore, the model was designed such that it captures the
key features required for flow control studies, while not being overly
complicated.

Plasma Formation Model

The plasma formation involves multiphoton ionization, inverse
bremsstrahlung absorption and the displacement of the absorption
region. It has been shown through analytical’ and experimental®
means that, for gases at atmospheric and higher pressures, cascade
ionization dominates. Hence we neglect multiphoton ionization in
our modeling. Instead, a small number of seed electrons are used
to initiate the electron cascade by absorbing the laser light at the
beginning of the simulation. The inverse bremsstrahlung absorption
is modeled using the absorptivity coefficient «,. The displacement
of the absorption region is accounted for by introducing the concept
of reflectivity, characterized by coefficient «,. As the plasma density
increases, the laser light is scattered as a result of reflection. Some of
this light is reabsorbed by the adjacent cooler gas to trigger cascade
ionization in those regions. Therefore reflectivity is an empirical
formulation that limits the degree of ionization of any region, enables
the displacement of the absorption region towards the lens, and
accounts for the loss of energy caused by radiation.

The laser beam is focused using a converging lens as shown in
Fig. 2. We divide the focal volume into discrete cells. Each cell
receives energy from two sources: the laser beam, and a fraction of
the light reflected by the adjacent cells with higher plasma density.
This energy is in turn absorbed, reflected, or transmitted by the cell
as illustrated in Fig. 2. Although absorption of transmitted light
dominates the early part of plasma formation, reflection becomes
important as the plasma density increases.
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Fig. 2 Schematic of the model used for energy addition in the focal
region.

Because of laser absorption, the intensity of the laser beam [
varies in the direction of laser propagation x (Ref. 4):

a_
dx — Ka

By integrating the preceding equation and assuming a constant k, ;
over a grid cell gy, ; the average absorption rate inside a cell of
width Ax; ;, along the direction of light propagation (i direction),
as a function of the intensity is

1 — exp(—kq, , Axi ;)
Ax,-,j

Gavs; ; = I

where

I = (1 - Kri./)ISi.j F ik T

. is the intensity of the incident light for the cell (i, j) and «; ; is
the fraction of the energy from the cell (i + 1, j) that reaches the cell
(i, j). The parameter « ensures that only a part of the reflected laser
lightis self-absorbed, whereas the restis assumed to be lost as aresult
of emission. Assuming that the laser light is scattered uniformly in
all directions, « is taken to be the ratio of the surface area of the
face common to the cells (i, j) and (i + 1, j) to the total surface
area of the cell (i +1, j). x, depends on electron density, electron
temperature, and ion/neutral densities. For a weakly ionized gas, we
can neglect inverse bremsstrahlung absorption caused by electron-
ion collisions and assume a constant density for neutral particles.
Thus, we simplify the expression for electron-neutral absorption
coefficient given in Ref. 6:

Ka = Qne[l - exp(_hc/}‘kTE)]

The plasma is transparent to the laser light in the initial stages, but
it becomes opaque gradually. Thus, the reflectivity coefficient «,
depends on the fraction of ionization Z and varies between 0 and
1. Because Z varies exponentially with time, we use a logarithmic
function to relate it to «,:

Kk, = Allog(Z) + B]

The unknowns in the preceding analysis are Q, the characteristic
area of cross section, and A and B, the constants for the reflec-
tivity coefficient. Their values determine the energy absorbed and
the shape and the structure of the plasma region. Indirectly, these
parameters also determine the fraction of the incident laser energy,
which is transmitted past the focal region without being absorbed.
There are no direct measurements of Q, A, and B for Nd: YAG laser
absorption in air. Therefore, we determine their values by matching
the flow properties of the resulting pressure wave to experiments.

Chemical Kinetics

In this flow we assume that 11 species might be present in ap-
preciable quantities: N,, O, NO, N, O, N, T, O,%, NO*, N*, OF,
and electrons. After the laser energy is deposited, the electron tem-
perature rises sharply, leading to many thermochemical processes.
A chemical kinetics model for two-temperature air (translational-
rotational and electron temperatures) was developed at Stanford
University® and has been used to successfully analyze dc and pulsed
discharge experiments.'® This model is ideally suited for this prob-
lem and is used in the present work.

Conservation Equations

In this section we briefly describe the governing equations. These
equations are described in a greater detail in Ref. 11. We solve mass
conservation equations for each of the 11 species and momentum
conservation equations for the axial and radial momenta and energy
conservation equations for total, vibrational, and electron energies.
The mass conservation equation for chemical species s is given by

aps
ot

stt) = =V - (s¥s) + wy
The mass-averaged momentum conservation equation is written as

0 -
g(pu)+v~(pu®u)=—vp—v-f

The conservation equations of the total energy, vibrational energy,
and the electron energy are given by

OF
E+V-[(E+p)u)]=—V~(q+qv+qe)

—V @ B =V Y wph) + O

s=1

IE, -
8—1 + V. (Evu) V. q, — V. ZVSEU,S

s=1

+ Qva + Qefv + Zwseu.s
s=1
oE,
ot

Yu+v,)]

= -V N the - Qvfe + Qr + wee,

The variation of electron temperature is the most important feature
in these flows. Hence, the breakdown of the terms in the electron en-
ergy conservation equation are discussed here. The radiative energy
addition and loss are represented in the electron energy conserva-
tion equation by Q,. In the present case Q, is equal to g,s. The
conductive flux of electron energy is ¢, = —k,V - T,. The thermal
conductivity of electrons k, is taken from Mitchner and Kruger.'?
The heavy particle-electron energy transfer Q) _, is

me,
Qh—e =n. Z3k(Te - T)<m_>86hveh
W h

where T is the total temperature and m, and m,, represent the mass
of electrons and heavy particles respectively. The expressions for
8en and vy, are taken from Ref. 9. The collision frequency is approx-
imated by the electron-neutral collision frequency:

Ven = (p/kT)geQen

where g, = /(8kT,/mm,) is the electron thermal speed and Q., is
the average cross-section taken to be 10~'> cm? as per Ref. 10. The
vibrational-electron energy transfer rate Q, _, is taken from Ref. 13.
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Numerical Aspects

The initiation of electron cascade is characterized by timescales
of 1 ns or less because the electron-impact ionization process is
extremely fast at high electron temperatures. On the other hand,
the pressure wave expansion around the plasma region occurs at a
timescale of about 10 us. Thus, the range of timescales is over four
orders of magnitude. To handle this large disparity in characteris-
tic timescales, we would usually use an implicit time-integration
method. However, for this problem a complete linearization would
be very expensive. (We solve 16 conservation equations, and the cost
of evaluating the Jacobians and inverting the system scales with the
square of the number of equations.) Therefore, for our simulations
we linearize only those terms that are relatively fast, which results
in a simple and inexpensive semi-implicit method that substantially
reduces the cost of the calculations.

The relatively fast terms include some species production terms,
the internal energy relaxation, and the electron heating source terms.
Therefore, we split the source vector W into these terms Wy, and
all of the other terms Wy,y. The conservation equations are then
written in axisymmetric coordinates as

U oF 10rG

Ea_xrar

= Wrast + Witow
We linearize W, in time:
Wit = W, + CLSU" + O(AF)
where Cpg is the Jacobian of Wgg with respect to U, and

SU"=U"T'—U". Crqis a simple matrix that can be inverted an-
alytically. Then, the solution is integrated in time using

surt! = (I—Atcgst)_lAt[(WgstJr SOW)_(aF” +l 3an>:|

ox r or

This approach increases the stable time step by up to a factor of 50
compared to an explicit Euler method, at essentially no additional
cost.

Model Validation

To validate the model, we have simulated the plasma generated
by a single laser pulse in quiescent air and compared these simu-
lations with the results from the experiments.! An Nd:YAG laser
with 532-nm wavelength, 108-mJ pulse energy, and a pulse width
of 20 ns was used as input in the computations. The laser beam
radius was 10 mm, and the focal length of the converging lens was
100 mm. The laser beam radius at the focal point was estimated to
be 0.125 mm (Ref. 1). The ambient air temperature and pressure
were taken to be 290 K and 1 atm, respectively.

Plasma Formation

Figure 3a illustrates the shape of the plasma formed at the end
of the laser pulse. Figures 3b and 3c show the values of electron
number density and the gas temperature along the axis of the laser
beam at different times, where the laser light is propagating from left
to right. The pressure profile in this case would look similar to the
temperature profile, especially because there is not much variation
in the total density in the first 20 ns. Notice that the plasma region
is in the shape of a narrowband, stretched along the laser beam
axis. Hence, we can characterize the plasma by length scale L,
the length of the region which attains a certain minimum degree
of ionization along the laser beam axis. L, increases during the
laser pulse emission as the plasma region expands from right to
left (Figs. 3b and 3c). This is consistent with the energy absorption
mechanism described in Ref. 7, where energy absorption starts in the
narrowest region of converging laser beam and moves in the opposite
direction of laser light propagation. This absorption wave leaves
behind regions of high temperature and high degree of ionization.
The plots also suggest that there is an upper limit to the values
of temperature and electron density. This limit is imposed by the
reflection parameters, as will be shown later.
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Fig. 3 Features of the laser spark: a) contours of gas temperature in
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Fig. 4 Contours of temperature in the plasma region at 2 us for laser
energy deposition in quiescent air.

Figure 4 shows contours of temperature of the plasma region at
2 ws, and Fig. 5 plots the resulting pressure wave. The Rayleigh-
scattering images of experiments' of laser-induced discharge in air
from 2 to 30 us are shown in Fig. 6. We observe that the shape
of the simulated plasma region at 2 us is similar to that of the
experiments. Later at 5 s, we see the pressure wave emerging from
the plasma region. The pressure wave is initially elliptical in shape,
but becomes spherical as it moves away from the central plasma
region. We notice this feature in the experiments and as well as the
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simulations. These qualitative comparisons show that the evolution
of the plasma region in the computations is similar to that in the
experiments. Note that, in Fig. 5, the two ellipse-shaped pressure
contours at the center represent secondary pressure waves emerging
from the plasma region at 5 us. These pressure waves dissipate at
later times.

Absorption and Reflection Parameters

The absorption parameter Q and reflection parameters A and B
determine the shape and structure of the plasma region and the en-
ergy absorbed by it. Figure 7 shows the temperature in the plasma
region along the axis of the laser beam for various values of ab-
sorptivity. As the absorptivity increases, the length of the plasma
region also increases. This is expected because higher absorptivity
enables regions with lower intensity of laser light in the focal vol-
ume to absorb more energy and ionize. Also, the region becomes
more opaque and inhibits the growth of plasma near the focal point.
Thus the value of Q determines the characteristic plasmalength L ,.

Figure 8 shows the temperature in the plasma region along the
axis of the laser beam for various values of reflectivity. The plots
indicate higher temperatures for lower reflectivity. This is because
reflectivity limits the extent of ionization in a region. Once the region
has attained a certain degree of ionization, it becomes saturated
and is incapable of absorbing any more radiation. Therefore, for
given values of reflection parameters there is an upper limit to the
temperature and degree of ionization that a region can achieve (see
Figs. 3b and 3c). We can lower this limit by increasing the degree
of reflectivity.
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—||||||||||c|>||||||||||—
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Fig. 5 Pressure wave (in atm) around the plasma region at various
times after the laser energy deposition in quiescent air.

Grid Resolution and Electron Seeding

A uniform Cartesian grid was used for all computations. The grid
spacing must be smaller than the laser beam radius at the focal point
(0.125 mm), which is the smallest length scale in the geometry of the
converging light. It is also necessary that the shape and structure of
the plasma region are accurately simulated. It was discussed earlier
that L, is the characteristic length scale of the plasma region, and
it has a unique value for given values of absorption and reflection
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Fig. 7 Temperature in the plasma region along the laser beam axis for
increasing absorptivity at 20 ns.
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Fig. 8 Temperature in the plasma region along the laser beam axis for
increasing reflectivity at 20 ns.

Fig. 6 Rayleigh scattering images for laser-induced discharge in quiescent air taken from Ref. 1.
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this seeding on the solution, we have plotted L, for different values 14r
of number density of the seed electrons, as shown in Fig. 9b. L, re-
mains constant for electron number densities below 10'2 cm 3, while & 121
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ionization begins in the narrowest region of the converging light.

Model Calibration

To calibrate the model, we need to determine the values of Q, A,
and B. This was achieved by comparing the measurements of the
flowfield (that follows the energy deposition) with the experiments. !
The speed of propagation and the flow properties of the pressure
wave, which emerges from the plasma region, depend on the amount
of energy absorbed in the plasma region, which in turn is a func-
tion of Q, A, and B. Therefore, we can determine their values by
matching the simulated flow features with the experiments.

Using the preceding methodology, the values were determined
tobe O =3.0 x 107! cm?, A =0.3, and B = 4.6. Figure 10 shows

Fig. 11 Comparison of a) pressure, b) velocity, and c¢) density, along
an axis perpendicular to the direction of laser propagation and pass-
ing through the center of the energy spot, between computational and
experimental data' at 10 s in quiescent air.

the comparison of the pressure wave radius with time, and Fig. 11
shows the comparison of pressure, velocity, and density of the flow
along the radial direction at 10 us. These plots indicate that, for
the preceding values of Q, A, and B, the speed of propagation and
flow properties of the pressure wave are in good agreement with
experiments.

In the present case the pulse energy is 108 mJ; however, the model
is designed such that the values of Q, A, and B are independent
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of the pulse energy. The change in the pulse energy is accounted
for by the variation in the input beam intensity. To support this
claim, we have compared the energy absorbed by the plasma region
in the simulations with experiments for a pulse energy of 180 mJ
(Glumac, N., and Elliott, G., Univ. of Illinois, Urbana, IL, 2003). In
the experiments, the energy of the laser beam was measured before
and after it passed through the plasma region. The difference in
these two measurements gave the approximate value of the energy
absorbed by the plasma. (The actual value is less than this because
of radiative losses.) The energy absorbed by the plasma region was
151 mJ for the experiments, and it was 153 mJ for the simulations,
which is within 2% of the experimental value.

Here we have made use of the fluid-dynamic effects of energy de-
position to calibrate the model. On the other hand, we have not made
quantitative validation of features like distribution of temperature
and the electron density in the plasma region during the nanosecond
regime. But, because our work focuses on the fluid dynamic aspects
of energy deposition in supersonic flows we believe that this method
of calibration gives us sufficiently accurate values for flow control
studies.

Energy Deposition in Supersonic Flows

Three-dimensional computational-fluid-dynamic simulations
were performed to study the effect of energy deposition in blunt-
body flows. Energy from a laser discharge was deposited upstream
of a sphere in a steady supersonic flow. This was achieved by focus-
ing a laser beam in front of the sphere, in a direction perpendicular
to the flowfield. The flow conditions were chosen to simulate the
experiments done at Rutgers University.! We have simulated energy
deposition in two types of flows: supersonic flow past a sphere and
flows with an Edney type IV shock—shock interaction on a sphere.

The timescale of the laser pulse is of the order of nanoseconds,
while the timescale of the flow around the sphere is of the order of
microseconds. Hence the process of laser energy deposition into the
gas can be assumed to be independent of the supersonic flow. How-
ever, the evolution of this energy discharge region continues well
into the microsecond range. Therefore, one has to account for the
chemical reactions occurring in the plasma region while comput-
ing the flow. Taking these issues into consideration, the simulations
were done in the following way. First, the steady-state supersonic
flowfield was achieved using the same chemistry model that was
used in the plasma formation case. Then the plasma formation and
its evolution into a pressure wave in quiescent air were simulated un-
til 0.5 ws. This was done on an axisymmetric domain. The resulting
flowfield was then superimposed onto the three-dimensional steady
supersonic flow by mapping the axisymmetric grid about the point
of energy deposition onto the three-dimensional grid, as illustrated
in Fig. 12. Note that the region of energy deposition is asymmetric
about the horizontal plane.

Energy Deposition Upstream of Flow past a Sphere

The diameter of the sphere was set to 25.4 mm. The freestream
Mach number was 3.45, stagnation pressure was 1.4 MPa, and stag-
nation temperature was 290 K. The laser pulse energy was 160 mJ,
whereas the other laser beam parameters were the same as for the
quiescent air case.

The interaction of the energy spot with steady supersonic flow
is illustrated in Figs. 13 and 14, which show the pressure contours,
surface pressure, and surface heat-transfer rate on the sphere. Ini-
tially, the energy spot is located upstream of the sphere in the steady
flow. As the energy spot moves downstream, the resulting pressure
wave expands into the surrounding flow and interacts with the bow
shock in front of the sphere. This leads to an increase in surface pres-
sure and heat-transfer rate, as seen at 25 us in Fig. 14. The pressure
wave is closely followed by the high-temperature spot, which causes
the bow shock to bulge and move away from the sphere. At the same
time, we observe a substantial decrease in surface pressure. The peak
pressure decreases by 80% at 45 us. Adelgren et al.'* analyzed this
interaction between the shock and the energy spot using a simplified
one-dimensional analysis of a shock-wave interaction with a tem-
perature discontinuity. Their analysis shows that the shock, which
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Fig. 12 Graphical representation of laser discharge region superim-
posed on the three-dimensional grid.

was stationary before the interaction, moves upstream, while an
expansion fan moves downstream. This explains the low surface
pressures and the bulging of the shock. The heat-transfer rate also
decreases when the high-temperature spot reaches the bow shock.
But once the spot moves past the bow shock and reaches the sphere,
the temperature near the sphere increases, leading to a sharp in-
crease in the heat transfer rate (four times the steady-state value).
After this, the high-temperature region convects around the sphere,
and the flow returns to its steady state. In summary, the effect of
energy deposition on the sphere lasts for about 60 us. During this
time, the surface pressure is lower than the steady-state value, while
the surface heat-transfer rate increases as well as decreases with
respect to its steady-state value.

Figure 15 shows the peak temperature of the energy spot with
time, until the spot comes in contact with the bow shock at 28 us.
Initially, the peak temperature of the energy spot is orders of magni-
tude higher than that of the surrounding flow. The high temperature
leads to dissociation of air molecules and the presence of N, O and
NO species in significant amounts. While the spot moves toward the
sphere, its peak temperature decreases because of the work done in
expanding the pressure wave against the ambient air pressure. The
decrease in temperature leads to exothermic recombination of air,
decreasing the chemical energy (7, curve in Fig. 15) of the region.
Thus, the recombination process results in transfer of stored chemi-
cal energy into translational energy while the spot is being convected
by the flow. This energy release compensates for some of the expan-
sion losses, sustaining the high-temperature region. In the absence
of the stored chemical energy, the temperature of the energy spot
would have decayed at a much faster rate. To demonstrate this, we
have simulated the flow assuming a nonreacting perfect gas and
plotted the corresponding temperature variation in Fig. 15. In this
case, only the temperature and total pressure of the energy spot were
superimposed, whereas the density was calculated by assuming a
perfect gas. As expected, the temperature decreases at a faster rate
than in the case of reacting flow because there is no chemical energy
stored in this case. At 28 us the peak temperature of the energy spot
is 65% lower than that for the reacting flow case.

Energy Deposition in a Flow with Edney Type IV
Shock-Shock Interaction

Edney type IV shock—shock interactions occur in a supersonic
flow when an oblique shock impinges onto the bow shock in front
of the leading edge of the sphere as shown in Fig. 16. This leads to
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t=30us

Fig. 13 Pressure contours for energy deposition in Mach 3.45 flow past a sphere at various times.

25 ; 4.0
o 2.0 30 T
= =
o 1 (o
[} ] [}
— o
215 20 8
[7)] —
o N4
o 1 (2]
o 10 1.0 §
O —
(“ o
t ] e
> 3
7 05 00 2

FRT S [N SN TN AN TN SR NN SR SO N SO S S ST |

005~=25 50 75 100 125 150 "0

time (us)

Fig. 14 Peak surface pressure and heat-transfer rate on the sphere,
for energy deposition in Mach 3.45 flow past a sphere (py and g¢ are the
initial stagnation-point values).

high localized heat-transfer rate and surface pressure on the sphere,
in the region just above the oblique shock. In our simulations, the
oblique shock was assumed to propagate from an upstream wedge
of 15 deg. The laser energy was deposited at different locations
equidistant from the leading edge of the sphere as shown in Fig. 16.
In the figure, B is the arc angle about the leading edge of the sphere,
and it increases in the clockwise direction. The other flow conditions
were the same as they were for the earlier case.
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Fig. 15 Variation of temperature 7' and chemical energy 7. in react-
ing flow and variation of temperature 7’ in perfect air in the energy
spot, before it reaches the bow shock, in Mach 3.45 flow past a sphere
(Tso =89 K).

Figure 17 shows the pressure contours of the energy spot interac-
tion with the flow, and Fig. 18 shows the variation of peak surface
pressure and heat-transfer rate during the interaction. As the energy
spot moves downstream, the high-temperature region changes the
local Mach number and deforms the oblique shock (t =20 us in
Fig. 17). Once the energy spot approaches the shock structure, the
subsequent flow behavior is similar to that observed in the case of
flow past a sphere. The pressure wave around the energy spot comes
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in contact with the shock structure and increases the peak surface
pressure and heat-transfer rate. The pressure wave is followed by the
high-temperature region, which causes the shock to bulge decreas-
Peak ing the surface pressure and heat-transfer rate. Next, the ener:
Pressure & P - Next, the energy
Region spot moves past the shock and reaches the sphere, increasing the
9 temperature in that region. This leads to an increase in the surface
heat-transfer rate. Finally, the shock structure returns to the steady
state.
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Fig. 18 Peak surface pressure and heat-transfer rate on the sphere, for

Fig. 16 Schematic showing Edney type IV shock-shock interaction energy deposition in a flow with Edney type IV shock—shock interaction.
(Mach 3.45 flow with 15-deg flow turn angle) along with the initial loca- (Mach 3.45 flow with 15-deg flow turn angle; py and ¢g¢ are the initial
tion of the energy deposition regions. stagnation-point values.)

Fig. 17 Pressure contours for energy deposition in a flow with Edney type IV shock—shock interaction (Mach 3.45 flow with 15-deg flow turn angle)
at various times.
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Fig. 19 Effect of the location of energy deposition on the peak surface
pressure in a flow with Edney type I'V shock—shock interaction. (Mach
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The simulations were performed for the various energy deposition
locations given in Fig. 16. Figure 19 plots the variation of the peak
surface pressure with time for three of these locations. The figure
shows significant differences between the values for different cases,
suggesting that the location of energy deposition can be optimized to
obtain maximum pressure reduction. Hence, we have computed the
time-averaged peak surface pressure (during the interaction of the
energy spot with the flow) for all of the energy deposition locations
and found that the maximum reduction in average peak pressure
occurs for § =33 deg. The reason for this can be deduced from
the fact that the line joining this location and the core of the peak
pressure region on the sphere (dashed line in Fig. 16) is parallel to
the flow direction. In this case, the flow convects the energy spot
directly onto the peak pressure region, making it most effective.

Conclusions

We have performed a computational study of laser energy deposi-
tion in supersonic flows as a means of localized flow control. For this
purpose, a laser energy deposition model was developed. This model
captures the energy absorption mechanism by using the concepts of
absorption and reflection of laser light. An 11-species finite-rate
chemical kinetics model was used to simulate the air breakdown.
The shape of the plasma region and the resulting pressure wave were
found to be in good agreement with the experiments. The values of
absorption and reflection parameters were found to affect the shape
and structure of the plasma region and the energy absorbed. These
values were determined by using experimental flowfield measure-
ments. The independence of the absorption and reflection parame-
ters from the input laser pusle energy was verified. This was done
by showing that the energy absorbed by the calibrated model agreed
well with the experiments when the pulse energy was varied. The
model was used to simulate energy deposition in steady supersonic
flows past a sphere. The simulations show that during the convection
of the energy spot downstream the chemical energy in the region
sustains the high temperatures. The energy spot affects the shock

structure, leading to a decrease in the peak surface pressure and the
peak surface heat-transfer rate. The surface-pressure reduction is
sustained until the flow returns to the steady state, but the reduction
in surface heat-transfer rate does not last as long. In the case of flows
with Edney type IV shock—shock interaction, maximum reduction
in the peak surface pressure occurs when the energy spot is located
at B =33 deg. This is because, at this angle, the spot is convected
onto the region with the maximum surface pressure on the sphere. In
future studies, we will examine the effects of multiple laser pulses
and higher flow Mach numbers on flow control.
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