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A numerical study was conducted to understand the effect of a single laser pulse on a normal shock and shock

boundary layer interaction. The goal is to examine the capability of a pulsed laser energy deposition to momentarily

move a normal (terminal) shock upstream in amixed-compression inlet so as to counteract the effect of a disturbance

that wouldmove the normal shock downstream. Two numerical models were used. The perfect gasmodel for energy

pulse was developed at Rutgers University, and the commercial software GASPex was used as the flow solver. The

real gasmodel was developed at the University ofMinnesota. The research was conducted in two phases. First, the 3-

D interaction of a laser pulsewith an isolated normal shock atMach 2was examined using the perfect gas and real gas

models. A detailed comparison of the computed flowfields indicates that the principal details of the interaction are

accurately predicted by the perfect gasmodel. Second, the perfect gasmodel was used to simulate the 2-D interaction

of a laser pulse with a normal shock including the effects of the interaction of the shock wave with a turbulent

boundary layer. Three different dimensionless energy levels (�� 1, 10, and 100) were considered. The interaction at

�� 100 demonstrated a prominent upstream movement of the normal shock and a significant though temporary

increase in the length of the separation regiondue to interaction of the compressionwave (inducedby the energy spot)

with the separated boundary layer.

Nomenclature

cp = specific heat at constant pressure
cv = specific heat at constant volume
Ee = electron energy per unit volume
Pr = Prandtl number
p = static pressure of the gas
pe = electron pressure
Qr = radiation energy
QT = energy of laser pulse
qej = conduction flux components of electron energy
R = gas constant
Ro = focal radius in perfect gas model
r = radius
ro = radius
T = temperature
To = total temperature
ui = mass-averaged velocity
V = flow velocity vector
Vo = focal volume
vsi = species diffusive velocity
ws = rate of production of species s
� = dimensionless energy level
�Q = absorption coefficient
� = density

�ij = viscous stress components

Subscripts

s = a species
1 = ambient value

Introduction

A T MACH 2.5 and above, a mixed-compression inlet (Fig. 1)
provides greater aerodynamic efficiency than an external

compression inlet [1]. In a mixed-compression inlet, supersonic flow
is decelerated through a series of oblique shocks ending with a quasi-
normal (terminal) shock downstream of the inlet throat. The total
pressure loss is mostly due to the normal shock. To achieve high inlet
performance, it is desirable to position the normal shock as close to
the throat as possible to minimize total pressure loss. However,
vehicles encounter different types of disturbances in flight, such as
atmospheric turbulence and disturbances arising from the
compressor face. Those disturbances might cause the normal shock
to be momentarily displaced upstream of the throat, resulting in inlet
unstart [2–5]. An unstart causes a loss of propulsive efficiency and
can cause an asymmetric pressurization of the wing that would
require large control surface forces to maintain aircraft control. On
the other hand, those disturbances might cause the downstream
movement of the normal shock. This increases the total pressure loss
and might cause flow separation due to interaction between the
stronger normal shock and boundary layer.

Various techniques to control the normal shock have been
investigated including mass injection/removal at the wall, vortex
generators, and passive venting [3,6–8]. However, thosemethods are
not fast enough for high supersonic flows, where the required
actuation time must be in the range of milliseconds.

In this paper we examine the capability of pulsed laser energy to
control the motion of the terminal shock without adversely affecting
the inlet total pressure recovery or shock boundary layer interaction.
We focus on the use of pulsed laser energy to momentarily move a
normal shock upstream, thereby counteracting the effect of an
expansion wave originating downstream (e.g., at the compressor
face) which would move the normal shock downstream [9].
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The research is performed in two steps. First, the 3-D interaction of
a laser pulse with an isolated normal shock at Mach 2 is examined
using perfect gas and real gas models. The objective is to determine
whether or not the perfect gas model provided an adequate
description of the effect of the laser pulse on the shockmotion.On the
basis of detailed flowfield comparison, the perfect gas model is
deemed acceptably accurate. Second, the perfect gasmodel is used to
simulate the 2-D interaction of a laser pulse with a normal shock at
Mach 1.5 including the effects of the interaction of the shock wave
with a turbulent boundary layer.

Mathematical Models

Two separate models for laser energy deposition have been
developed, namely, 1) a calorically and thermally perfect gas model,
and 2) a real gasmodel. These twomodelswere developed at Rutgers
University and the University of Minnesota, respectively.

Perfect Gas Model

The inviscid perfect gas model assumes an initial Gaussian
distribution for the static temperature in the spherical focal region of
the laser pulse

T � T1 ��Toe
�r2=r2o (1)

where T1 is the temperature at the beginning of the energy
deposition. The peak temperature rise �To is related to the total
energy of the laser pulse QT by

�To �
�QQT

�3=2r3o�1cv
(2)

where ro is chosen to be one-half of the radiusRo of the focal volume
Vo � 4

3
�R3

o, cv is assumed constant, and �1 is the density at the
beginning of the energy deposition. The coefficient �Q must be
determined by comparison with experiment and is expected to be a
function of the laser energy pulse QT and ambient conditions in the
region of the energy deposition. The initial density in the focal region
is assumed to be constant at the instant of energy deposition.

Despite its inherent simplicity, the model provides an accurate
prediction of the flowfield outside of the focal volume and its
immediate neighborhood. The model was validated by comparison
with filtered Rayleigh scattering measurements [10]. The details are
presented by Yan et al. [11].

The commercial computational fluid dynamics (CFD) software
GASPex is used. The third-order accurate Roe scheme is used to
compute the fluxes, along with the application of the min–mod
limiter in each spatial direction to prevent numerical overshoots. The
second-order Runge–Kutta scheme is used for the time integration.
The k–! turbulence model was used. GASPex automatically
decomposes the entire domain into subdomains according to the
memory resource of each processor and the number of CPUs.

Real Gas Model

The real gas model describes the laser energy deposition and
subsequent flow evolution by the Navier–Stokes equations with
extensions to include nonequilibrium thermochemisty and radiative
transport. Air is modeled using 11 chemical species (N2,O2, NO, N,
O, N�2 , O

�
2 , NO

�, N�, O�, and e). The governing equations are
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These equations represent the conservation of mass, momentum,
electron energy, vibrational energy, and total energy, respectively.
Additional details are presented by Kandala and Candler [12]. The

Fig. 1 Mixed-compression inlet.

Fig. 2 Mach 2 supersonic tunnel.
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absorption and reflection parameters of the model were calibrated
by comparison with the experimental data for shock radius vs time.
Also note that the energy distribution in the focal volume is
determined by the plasma formation model [12] and the energy spot

is elongated along the laser incident direction, as observed in
experiments.

A finite volume method is used with the third-order modified
Steger–Warming flux vector splitting scheme. A monotone
upstream-centered scheme for conservation laws (MUSCL) is used
for variable reconstruction with a min–mod flux limiter. Time
integration is the first-order accurate implicit Euler scheme.

Fig. 3 Mach 1.5 supersonic tunnel.

Fig. 4 Chemical relaxation time.

Fig. 5 Dimensionless total energy vs x for �� 100.
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Flow Configurations

Twodifferentflowconfigurationswere considered. Thefirst phase
of the research examined the 3-D interaction of a laser pulse with an
isolated normal shock at Mach 2 using both the perfect gas and real

gas models. The second phase of the research examined the 2-D
interaction of a laser pulsewith a normal shock atMach 1.5 including
the effect of the shock wave turbulent boundary layer interaction
using the perfect gas model.

Fig. 6 Dimensionless density vs x for �� 100.

Fig. 7 Mach number contours. Fig. 8 Mach number and pressure along x before energy deposition.
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Mach 2 Configuration

A normal shock is formed in a Mach 2 inviscid two-throat tunnel,
which is designed following a classical inviscid design procedure
proposed by Sivells [13] and shown in a dimensionless fashion in
Fig. 2. The Mach 2 supersonic tunnel is composed of two throats,

designated as T1 and T2. The test section A-B has a constant height.
An incoming subsonic flow is accelerated toMach 2 through the first
throat, and a normal shock is formed in the section A-B. To eliminate
the effect of disturbances propagating upstream to the shock location,
the second throat is designed to accelerate the subsonic flow after the
normal shock to a supersonic flow at the outflow boundary.

The half-height of the first throat is set to 1, and that of the second
throat is 1.3864. The width is same as the half-height of the second
throat. The entire three-dimensional computational domain is
divided into three subdomains along the streamwise direction,
among which the second one has the finest grid to capture the shock
location and to resolve the initial energy spot. The y� 0 plane is the
horizontal central plane, and the z� 0 plane is the vertical central
plane.

Mach 1.5 Configuration

A terminal shock in a mixed-compression inlet is simplified as a
normal shock formed in a Mach 1.5 viscous nozzle. Figure 3 shows
the center plane of aMach 1.5 wind tunnel, which was designed by a
classical inviscid design procedure [13] and the Wilcox boundary
layer code [14] was used to account for boundary layer effects with
prespecified total pressure and temperature. The total pressure and
total temperature are chosen to be 3:45 � 105 Pa and 288.9 K,
respectively, which are in the range of experimental test values for a
typical wind tunnel.

A subsonic flow enters a convergent–divergent nozzle and chokes
at the throat. A normal shock is formed 0.2 m downstream of the

Fig. 9 Streamwise velocity at different locations before energy

deposition.

Fig. 10 Mach number, pressure contours, and streamlines at �� 1.
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throat. To eliminate propagation of downstream disturbances that
could adversely effect the stability of the normal shock, a small bump
was added on the lower surface at the end of the test section to form a
second throat which chokes the flow and accelerates the flow to
supersonic at the exit.

Methodology

Three dimensionless parameters ��; x1=Ro; L=Ro� are defined for
the parametric study. The first parameter � is used to measure the
relative amount of energy deposited by the laser pulse and is defined
as

�� �QQT

�1cpVT1
(8)

The numerator �QQT is the energy absorbed in the focal volume V.
The denominator is the static enthalpy in regionV at the beginning of
the energy pulse. In the 2-D simulations, the energy spot is a circle
and the numerator �QQT is the energy per unit depth absorbed in the
area V.

The second parameter x1=Ro is used to measure the distance
between the thermal spot and normal shock, where x1 is the distance
between the normal shock and the center of the laser focal volume
and Ro is the radius of the energy spot assuming a spherical focal
volume in the perfect gas model, or the maximum dimension of the
laser spot in the real gas model. The third parameter L=Ro is used to
measure the relative height of the normal shock to the hot spot radius,
where L is the half-height of the tunnel at the shock location. For the
three-dimensional inviscid Mach 2 flow, the value of L=Ro is set to

be large enough to mimic the interaction of the laser pulse with a
normal shock of infinite extent. For the two-dimensional viscous
Mach 1.5 flow, the third parameter is not used.

The two numerical models were used for the simulation of the
inviscidMach 2flow, and only the perfect gasmodelwas used for the
viscousMach 1.5 flow. In theMach 2 flow simulation, �� 1, 10, and
100 for both models. In the perfect gas model, x1=Ro � 20 and
L=Ro � 20, while in the real gas model, x1=Ro � 50, 14, and 10 and
L=Ro � 50, 14, and 10 for �� 1, 10, and 100, respectively. The
value of L=Ro is large enough to mimic the interaction of the laser
pulse with a normal shock of infinite extent. In the real gas
simulations, the absorbed laser energy �QQT is the fraction of the
total deposited energy which is limited by the energy range of a
Nd:YAG laser which is on the order of millijoules, and Ro is limited
by the maximum dimension of the laser spot which is on the order of
5–10 mm. In dimensional terms, Ro � 4:3 mm.

In the Mach 1.5 flow simulation, the radius of the energy spot was
taken to be the same as in the three-dimensional simulation, in which
the focal volume was 3 mm3 (consistent with experiment [1]) and
was assumed to be spherical [11]. In this study, x1=Ro � 2:0, and
three energy levels were considered, �� 1, 10, and 100, which
correspond to QT � 0:83, 8.3, and 83:0 J=m, respectively.

The grid is generated by the commercial software GridPro.¶ The
grid is refined in the test section to capture the normal shock and to
resolve the laser spot. The normal shock location is captured within
three grid cells. Twenty grid points are used to resolve the energy
spot. The grid is stretched in the y direction with a stretch factor of

Fig. 11 Mach number, pressure contours, and streamlines at �� 10.

¶Data available online at www.gridpro.com [retrieved 20 January 2004].
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1.01. The grid structure in the z direction is same as that in the
y direction. For the viscous simulation, the grid resolution at the wall
is �y� � 1:0, which gives the minimum grid spacing of
0.00042 mm in the y direction and the grid is stretched in the
y direction, and the grid spacing is 0.42 mm in the outer boundary
layer. The total number of cells is 0:5 � 106 for the 3-D inviscid
Mach 2 flow and 0:6 � 106 for the 2-D viscous Mach 1.5 flow.

For each simulation, the flowfield is first integrated in time until a
steady state is reached with a normal shock formed. Thereafter, an
energy pulse is added to the flow, and the flowfield is integrated in
time.

Numerical Results

Normal Shock at Mach 2

The simulation starts without energy deposition to capture the
normal shock. A supersonic flow is formed at the outflow boundary

to eliminate downstream disturbances from propagating upstream to
the normal shock. Once the steady normal shock is formed, a laser
pulse is added at the y� 0 and z� 0 planes. Three simulationswith a
single laser pulse at different energy levels (�� 1, 10, and 100)
deposited at the same location are performed using the two models.

The location of the normal shock in the test section is determined
by the ratio of the first throat area to the second throat area in the
perfect gas model. In addition, the static values at Mach 2 are
important in the real gas model because the energy release due to
chemical reaction and vibrational-electron energy transfer due to
collisions between electrons and molecules is strongly dependent
upon local flow static pressure and temperature. In the perfect gas
model, the static values at Mach 2 are T1 � 157 K and
�1 � 0:667 kg=m3, while the real gas model solution converges
to T1 � 160 K and �1 � 0:71 kg=m3 at Mach 2. The predicted
shock locations are x� 9:1 and x� 9:6 in the perfect gas and real
gas models, respectively, where x is measured from the first throat

Fig. 12 Mach number, pressure contours, and streamlines at �� 100.
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and nondimensionalized by the half-height of the first throat. The
difference in the predicted shock locations is due to the slight
difference in the static conditions upstream of the normal shock in the
two models.

The laser pulse forms a high temperature and low density region
with a blast wave propagating radially from the hot spot and an
expansion wave propagating inward. The hot spot and its attendant
waves convect downstream at the local velocity. In the real gas
model, chemical reactions and ionization take place during the laser
pulse, and then the gas begins to recombine, releasing the stored
chemical energy to the flowfield. Figure 4 shows the change of the
chemical energy with time, indicating that the chemical relaxation
time is around 63 �s which is of the same order as the spot
convective time of 85 �s, defined as x1=u1, where u1 is the
freestream velocity before the normal shock. This delayed chemical
energy release affects the thermal spot evolution and is the main
difference between the two models.

The normal shock is disturbed by the leading edge of the blast
wave, the hot spot, and the trailing edge of the blast wave in
sequence. The blast wave is observed to have little effect on the
normal shock in both models because it weakens rapidly to
essentially an acoustic wave before it reaches the shock. When the
amount of the absorbed energy is the same as the local static enthalpy
before the energy deposition (�� 1), the normal shock is essentially
unaffected by the energy spot. However, with increased energy level,

the upstream movement of the normal shock becomes more
prominent due to the interaction of the shock with the hot spot which
is characterized by a much lower Mach number. After all the
disturbances move out of the postshock subsonic region, the normal
shock returns to its original position. The hot spot is also distorted by
its interaction with the normal shock, and its total energy per unit
volume and density increase accordingly.

A quantitative comparison between the two models is shown in
Figs. 5 and 6, which plot the total energy per unit volume and
density variation along the symmetry line for �� 100. For the
purpose of comparison, the heat of formation in the real gas model is
excluded from the total energy per unit volume. The time t is a
dimensionless variable defined as t� t�=�H=u1�, where t� is
dimensional time, H is the half-height of the first throat, and u1 is
the velocity upstream of the normal shock. In the following figures,
the predicted normal shock location in the real gas model is adjusted
to match the perfect gas model to better compare the effect of the
laser pulse and the interaction process between the two models. The
two models predict the same total energy per unit volume and
density difference cross the normal shock. They also predict similar
total energy per unit volume and density variation for the energy
spot and the interaction process. Shortly after the laser pulse, the
total energy per unit volume and density increase dramatically
across the blast wave, whereas the density decreases significantly
toward the center of the spot due to the effect of the inward moving

Fig. 13 Stagnation pressure and temperature contours at �� 100.
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expansion fan. The two models predict the same level of the density
reduction in the center of the spot.

However, the two models present some differences at the
beginning of the energy deposition. First of all, the location of the
blast wave is slightly different in the two models. This is due to the
difference in the assumption of the shape of the focal volume in the
two models. The focal volume is a sphere in the perfect gas model,
while it is elongated in the laser incident direction (the assumed laser
beam direction is from left to right in this computation) and has a
narrow width in the radial direction in the real gas model. The total
energy per unit volume in the perfect gas model is much higher than
that in the real gasmodel as shown in Fig. 5a. This discrepancy is due
to the assumption of initializing a spherical energy spot in the perfect
gasmodel, which assumes that the energy is added instantaneously at
constant volume (therefore the density is constant). The initially
higher value of the pressure in the perfect gas model leads to a higher
level of total energy per unit volume than in the real gas model.
However, as the hot spot evolves, the pressure rapidly decreases due
to the inward moving expansion wave. By the time that the hot spot
reaches the normal shock, the distributions of total energy per unit
volume in two models are similar as shown Fig. 5b.

In summary, the perfect gas and real gas simulations show similar
results for the total energy per unit volume and density during the
interaction of the hot spot with the normal shock. On the basis of this
favorable comparison, the perfect gas model was used for the
simulation of the interaction of a laser pulse with a Mach 1.5 normal

shock including the shock wave turbulent boundary layer
interaction.

Normal Shock at Mach 1.5

AMach 1.5 normal shock is formed at x� 0:2 m downstream of
the throat and separates the boundary layer as shown in Fig. 7. The
Reynolds number based on the boundary layer thickness on the lower
wall immediately before the shock is 3:3 � 105. A supersonic flow is
formed at the outflow boundary to prevent downstream disturbances
from propagating upstream to the normal shock. Figure 8 shows the
Mach number and pressure distribution along x at y� 0:9 m, which
crosses through the center of the focal volume for the energy spot. A
small bump successfully chokes theflow at the end of the test section.
The ratio of the cross section at the bump location to the throat is
determined by a one-dimensional inviscid analysis with
consideration of the boundary layer displacement effect.

According to Zheltovodov [15], turbulent boundary layer
separation occurs in a normal shock wave boundary layer interaction
when the Mach number exceeds approximately 1.2 (with a weak
dependence on Reynolds number). Figure 9 shows the streamwise
velocity profile along the y direction at three different streamwise
locations. The streamwise velocity in the core region reaches a
maximum right before the shock and decreases after the shock. The
shock/boundary layer interaction causes boundary layer separation,
leading to thickening of the boundary layer. The separation region on

Fig. 14 Pressure contours and streamlines at �� 100.
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the lower surface is 7:7� long and 0:35� high, and the one on the
upper surface is smaller (4:8� long and 0:23� high) due to the
curvature effect. The maximum reverse streamwise velocity is about
60 m=s, one-seventh of the maximum streamwise velocity right
before the shock. The separation induced perturbation penetrates into
the core region, causing distortion of the streamwise velocity. Far
downstream of the shock, the core region flattens off, but the
boundary layer grows thicker.

Once a stationary normal shock is captured, a circular energy spot
is produced at a distance of 2Ro upstream of the shock in the middle
of the cross section. A high temperature and low Mach number
region forms with an instantaneously formed blast wave propagating
from the hot spot and moving with the freestream toward the shock.
Because the hot spot is very close to the shock, the blast wave front
interacts with the shock in less than 1 �s, and it has negligible effect
on the shock motion. Figures 10–12 represent a time sequence of the
Mach number and pressure contours at �� 1, 10, and 100,
respectively. The energy spot convects downstream, and its front
quickly touches the shock around t� 2 �s at a relatively high speed
(Figs. 10a, 11a, and 12a); then the movement of the energy spot is
slowed down after it convects into the subsonic region. As the energy
spot moves downstream, the resulting pressure waves expand into
the surrounding flow, causing the local flow compression and
expansion. The low Mach number region in the energy spot distorts
the shock and pulls the shock upstream. Adelgren et al. [16] used a
one-dimensional theory to explain this interaction between the shock
and the energy spot. For �� 100, themaximumdistance of the shock
upstream movement is 1.7 times the radius of the initial energy spot.

The effect of a line energy source is quite different from that of a
spherical energy pulse at the same � value. Previous research [11,12]
demonstrated that a spherical energy pulse had a relatively small
region of influence. However, for a cylindrical line source
perpendicularly incident to the flow, its region of influence is much
wider than a spherical energy pulse [17]. As clearly seen in Figs. 12c
and 12d, the region of influence starts to penetrate into the boundary
layer. At the lower energy level (�� 1 and 10), the separation bubble
hardly changes. However, at the higher energy level (�� 100), when
the energy spot dissipates energy due to viscous effects, compression
waves induced by the energy spot interact with the separation region,
leading to a significant change in the flow structures. Figure 13 show
a time series of the total pressure and total temperature contours at
�� 100. The total pressure and temperature increase due to the
energy pulse.With the energy for the energy spot dissipating into the
surrounding flow, the total pressure and total temperature decrease,
but they remain above the postshock values.

The flow structures in the separation region are shown in Figs. 14
and 15. The compression waves induced by the energy spot convect
downstream and interact with the boundary layer, leading to the
formation of a high pressure region downstream of the separation
bubble. This high pressure regionmoves downstream and its location
corresponds to the compression wave front as shown in Fig. 14. The
change in the size of the separation region on the lower wall is shown
in Fig. 16. The separation point remains essentially fixed, while the
attachment point moves downstream, leading to a larger separation
length on the wall. The separation region is stretched along the wall
due to the interaction of the compression waves with the boundary

Fig. 15 Density contours and streamlines at �� 100.
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layer and grows by 42% in the time period shown, before relaxing
back to its original size.

Practical Impact

It is useful to estimate the energy required for significant
movement of a normal shock at typical flight conditions for an
airbreathing vehicle. Consider a vehicle at Mach 3 and an altitude of
10 km. Assume that the compression upstream of the terminal shock
is nearly isentropic, and that theMach number immediately upstream
of the terminal shock isMs � 1:5. For a laser spot with R� 1 mm,
the energy corresponding to �� 100 is 387 mJ. This is a relatively
low energy level and achievablewithmodern lasers.Of course,many
practical engineering considerations need to be addressed. Also, the
combination of laser plus microwave (using the laser to generate an
initial region of sufficiently high electron density) may also prove
effective.

Conclusions

Control of the location of the terminal shock in a mixed-
compression inlet is a critical problem in modern aerodynamics. The
dual objectives of terminal shock stability and high inlet total
pressure recovery are in direct conflict with one another, i.e.,
positioning the terminal shock closer to the throat results in higher
total pressure recovery but lower stability. Momentary movement of
the terminal shock upstream of the throat due to disturbances
emanating from the freestream or compressor may result in inlet
unstart and subsequent dramatic reduction in total pressure recovery.
Consequently, control of the location of the terminal shock is crucial
to achieving high performance.

We examine the capability of pulsed laser energy to control the
motion of a single normal shock as amodel for the terminal shock in a
mixed-compression inlet. In particular, we examine the capability of
pulsed laser energy to force an upstream movement of the normal
shock, as a model control mechanism for counteracting the
downstream motion of a terminal shock due to a compression wave
emanating from the freestream or expansion wave originating from
the compressor face.

Two flow configurations were selected, and three laser pulse
energy levels were considered. A 3-D Mach 2 inviscid simulation
was performed to study the effect of a single energy pulse on a normal
shock of infinite extent using perfect gas and real gasmodels. Results
indicate that the primary effects of the energy pulse on the normal
shock can be predicted using the perfect gas model. A 2-DMach 1.5
perfect gas viscous numerical simulation was performed to study the
effect of a single energy pulse on a normal shock and separation
region resulting from the shock wave boundary layer interaction.

Significant upstream movement of the shock was achieved for the
highest energy level case. In the viscous case, the interaction of the
energy spot with the shock causes a significant change in the flow
structures, leading to an increase in the length of the separation
region and the formation of a high pressure region downstream of the
separation region. The high pressure region slowly moves
downstream. The total pressure increases at the initial stages of the
energy deposition and remains above the freestream value and the
aftershock value, indicating that the energy deposition does not cause
a decrease of the stagnation pressure. These results suggest that
energy deposition by laser pulse has a significant potential for control
of the motion of a terminal shock in a mixed-compression inlet.
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Fig. 16 Separation and attachment points.
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