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An experimental investigation was conducted to examine the effect of a pulsed Nd:YAG laser energy addition on
the shock structures and surface pressure in a Mach 3.45 flow past a sphere. Two configurations were considered:
1) a sphere in a uniform freestream and 2) an Edney IV interaction generated by impingement of an oblique shock
on the bow shock of the sphere. For laser energy addition upstream of the sphere in a uniform freestream, schlieren
images show that the interaction of the blast wave and thermal spot cause the bow shock to move upstream while
creating an expansion wave that propagates to the sphere surface. This results in a momentary 40% decrease of
centerline surface pressure. The effect of the energy deposition was relatively consistent for laser energies ranging
from 13 to 283 mJ/pulse. For laser energy addition upstream of an oblique shock interacting with the sphere’s
bow shock (Edney IV interaction), a similar thermal lensing evolution is observed, but is asymmetric due to the
presence of the oblique shock. The embedded jet characteristic of the Edney IV type interaction is also perturbed
as the thermal spot first interacts with the oblique shock and then the bow shock, momentarily decreasing the peak
surface pressure caused by the jet by 30%.

Introduction

T HE well-known Edney IV shock–shock interaction phenom-
ena has been studied extensively along with its associated lo-

calized, intense heat transfer rates and increased surface pressures
(see Refs. 1–13). An air vehicle would necessarily be designed to
avoid an Edney IV interaction during normal flight. Nonetheless, an
Edney IV interaction may momentarily occur due to gust response or
vehicle maneuver, and therefore, either a local flow control system
must be incorporated to mitigate the extreme local aerothermody-
namic loads generated by the Edney IV interaction, or the vehicle
aerothermal structure must be designed to withstand the momen-
tary increased aerothermodynamic load. In this research effort, we
investigate the capability of pulsed energy deposition to reduce mo-
mentarily the extreme pressure (and, therefore, possibly the heat
load) associated with an Edney IV interaction.

Dynamic flow control by energy deposition has recently gained
widespread interest. Knight et al.14,15 and Zheltovodov16 recently
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surveyed research efforts where aerodynamic flow control was ob-
tained by energy deposition. They reviewed research efforts focused
on the possibility of using energy deposition for drag reduction,
modification of shock structures, and magnetohydrodynamic con-
trol. Researchers17−22 have also studied the possibility of using en-
ergy deposition as a means of global flow control, that is, drag
reduction of a supersonic body by means of energy deposition.

Moreover, research has been conducted on the use of energy de-
position to control the sonic boom problem.23 Others have con-
sidered it for transonic problems and for boundary-layer sep-
aration problems,24,25 boundary-layer control,26 and shear-layer
perturbation.27 On the other hand, energy deposition could also be
used to modify localized flow problems such as the Edney IV shock–
shock interaction.

The objective of this research effort is to measure the effects
on the surface pressure for laser energy deposition upstream of a
hemisphere at Mach 3.45 with and without an impinging shock.
These experiments were performed to assess the effectiveness of
using energy deposition to reduce the adverse aerodynamic loads
associated with the Edney type IV shock–shock interaction upstream
of a blunt body. Schlieren flow visualization was used to observe
the flow with the laser perturbation and correlate with the temporal
surface pressure measurements.

Background
Laser–Induced Optical Breakdown

The deposition of energy into a gas medium with a focused laser
beam has been studied since the discovery in 1963 of a laser-induced
spark.28−30 Subsequent research has led to an extensive list of pub-
lications, and this research has been detailed and summarized by
Raizer,31−33 Morgan,34 Root,35 and Smith.36 The overall process,
described by both Root35 and Raizer,31−33 starts when a laser beam
with sufficient power is focused down, and a sufficient radiation flux
density is achieved, leading to a discharge37,38 (somewhat similar to
the electric arc discharge). The pressure and temperature of the gas
in the discharge region increases significantly as the laser energy is
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absorbed, leading to laser-induced optical breakdown. The energy
deposition into a gas by a focused laser beam can be described by
five progressive steps: 1) initial release of seed electrons by multi-
photon ionization, 2) rapid ionization of the gas in the focal region
by the cascade release of electrons, 3) absorption and reflection of
laser energy by the gaseous plasma, rapid expansion of the plasma
and light-induced detonation wave formation and propagation up
the focal axis, 4) propagation of the blast wave into the surrounding
gas and relaxation of focal region plasma, and 5) residual vortex
ring formation39,40 due to the asymmetric formation of the plasma.

Experimental studies were conducted in Russia beginning in 1983
on the effects of laser energy deposition in supersonic flow past aero-
dynamic bodies. Borzov et al.41 examined the effect of laser energy
deposition on the bow shock of blunt bodies at Mach 1.5, 2.0, and
2.5, using single and pulse repetitive discharge lasers. Additional
results are presented by Borzov et al.42 including laser energy depo-
sition in 1) quiescent air and comparison with the point explosion
theory of Sedov, 2) supersonic flow with examination of the trans-
formation of the blast wave and convection of the heated region,
and 3) supersonic flow upstream of a sphere and the interaction
of the heated spot with the bow shock wave. In addition, the ef-
fect of repetitive laser pulse discharges in generating a quasi-steady
region of heated flow upstream of a bow shock was examined. Eu-
ler computations predicted a modification of the bow shock wave
in agreement with experiments. The capability for flow control (in-
cluding drag reduction) for supersonic and hypersonic aerodynamic
bodies was examined.43 Tretyakov et al.44 performed optical flow
visualization of pulsed repetitive laser energy deposition in argon
at Mach 2. Tretyakov et al.45 demonstrated experimentally the ca-
pability for drag reduction of a cone-cylinder model in supersonic
flow by high-frequency CO2 laser discharge.

Recently, Kandala and Candler46,47 presented simulations of the
laser energy deposition process for the plasma formation process
(steps 1–4) for a neodymium:yttrium aluminum garnet (Nd:YAG)
focused laser discharge. The Kandala and Candler model solves
the conservation (mass, momentum, and energy) equations for each
species along with a chemical kinetics model. The species in their
model are N2, O2, NO, N, O, N+

2 , O+
2 , NO+, O+, N+, and the elec-

trons. Yan et al.48 have also demonstrated a simplified gasdynamic
model for the deposition into quiescent air. Dors et al.40 have mod-
eled the laser-induced breakdown process and observed a vortex
ring formation by asymmetric plasma formation. Similarly, Svetsov
et al.49 have experimentally and numerically analyzed the postfluid
motion of a laser discharge. Their findings also show a vortex for-
mation due to an initial asymmetry. Jiang et al.50 and Steiner et al.51

have also numerically analyzed laser-induced blast waves.

Edney IV Shock–Shock Interaction
The present study examines the effect of pulsed energy addition

upstream of the Edney IV interaction as an example of local flow
control. Even though damage due to shock–shock interactions, for
example, the X-15A-2 1967 Mach 6.7 test flight,3,4 was observed
before Edney’s 1968 report,5 he was the first to categorize and fully
characterize the shock–shock interactions. Edney studied the effect
of an oblique shock interacting with a blunt body shock and de-
veloped six categories of interactions (Fig. 1). The fourth, known
as the Edney type IV interaction, is the most severe case, leading
to localized regions of high surface pressure and heat transfer rates
on the body. An Edney type IV interaction occurs when an oblique
shock intersects a bow shock within that region where the flow im-
mediately downstream of the bow shock would be subsonic in the
absence of the interaction (Fig. 1). A supersonic jet embedded in
the subsonic region behind the blunt-body bow shock develops and
impinges on the blunt body (Fig. 2). This impinging, embedded su-
personic jet causes high, localized heat transfer regions and high,
localized surface pressures on the blunt body. These surface ther-
mal and pressure stresses can be 10–20 times greater than stagnation
conditions, thus leading to catastrophic failure of the blunt-body ma-
terial for example, the X-15A-2 flight test mentioned earlier. More
recently, Yamamoto et al.52 have simulated the severity of shock
impingement when space-lift booster vehicles are separated during

Fig. 1 Edney’s shock/shock interaction classification.

Fig. 2 Edney type-IV shock/shock interaction.

a launch environment, and Pandey53 has simulated the structural re-
sponse to the severe aerothermal loads associated with shock–shock
interactions upstream of an engine cowling.

The type IV interaction has been studied both numerically and
experimentally,9,10,54−57 and the type IV shock–shock interaction
has been identified as a critical hypersonic flight vehicle design
issue.8 However, no completely successful mitigation scheme has
been developed to date. Borovoy et al.11 conducted a combined com-
putational and experimental study of type III and IV interactions at
Mach 6 and 16 in air and Mach 6.6 in CO2. The influence of the
location of the impinging shock on the surface heat transfer was ex-
amined. The lower specific heat ratio in CO2 (γ = 1.3) compared to
air (γ = 1.4) had a significant influence on the flow structure and sur-
face heat transfer in agreement with the theoretical results of Edney.
Gusev and Chinilov12 analyzed the limiting regimes of type IV in-
teractions using an analytical method and compared the predicted
surface pressure and heat transfer with experiment. The capability
of modifying the peak surface pressure and heat transfer through
interaction of an isentropic compression wave with the incident
oblique shock wave was demonstrated. Kogan and Starodubtsev13

performed laminar Navier–Stokes computations for a type IV in-
teraction at Mach 6 and 16 with an assumed Gaussian heat source
upstream of the interaction. The results indicate that the heat source
can reduce the peak surface pressure and peak heat transfer. The
total heat transfer is increased, although only a small fraction of
the heat added at the source appears in the total surface heat trans-
fer. Holden and Rodriguez,58 Holden et al.,58,59 and Nowak et al.60

studied type III and IV interactions experimentally and achieved a
10% decrease in the peak heating loads with a transpiration cooling
technique. Also, Modlin and Colwell61 developed a heat exchange
design to deal with the extreme heat loads generated by the type
IV interaction on a hypersonic aerospace plane engine cowl. In this
design, Modlin and Colwell propose using a liquid metal in a heat
exchanger inside the body (an inlet cowl in this case) in addition
to transpiration cooling techniques. Other researchers have further
examined and characterized the shock impingement interactions.
Frame and Lewis62 developed an analytical model for type IV inter-
action in a calorically perfect gas without the requirement of empir-
ical or experimental data. This analytical method is limited to two-
dimensional analysis. Lind and Lewis63,64 and Zhong65 studied the
unsteady behavior of the type IV interaction with various numerical
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schemes. Hsu and Parpia66 added complexity and studied, with nu-
merical simulation, the effect of dual impinging oblique shocks with
a bow shock interaction. Hannemann and Schnieder67 numerically
studied type III and IV interactions and developed a new classifica-
tion of type IVa. Researchers have also extended the experimental
analysis since Edney’s classic and well-organized experimental re-
sults. Carl et al.,68 Purpura et al.,69 and Pot et al.70 measured the
characteristics of the interaction experimentally. Lind71 and Berry
and Nowak72 studied the effect of body geometry on the interaction.

Experimental Apparatus
Wind Tunnel

The energy deposition tests upstream of a 25.4-mm-diam sphere
with and without Edney type IV interaction were conducted in the
Rutgers University Mach 3.45 supersonic wind tunnel. Table 1 lists
the typical operating parameters for this facility.73 This tunnel is a
basic blowdown tunnel with an exhaust into atmospheric pressure.74

The nozzle of the tunnel is an asymmetric one-sided nozzle that
expands the flow to Mach 3.45 in the test section. The test section
cross area is 15 by 15 cm, has two side windows, and has windows
that can be placed in the top and bottom of the test section. Typically,
these windows support optical measurement techniques and access
for the laser perturbation experiments. Compressed air is supplied
to the tunnel from high pressure (16.6-MPa) air storage tanks with
a total volume of 8-m3 offering run times on the order of minutes
for this wind tunnel. Three four-stage air compressors supply the
compressed air to these storage tanks after the moisture is removed
by a regenerative air dryer.

The tunnel stagnation chamber pressure and temperature data
and the atmospheric pressure for the tests are digitally recorded by
a computer system. The computer system consists of a Gateway
Pentium II computer with a National Instruments PCI-6031 series
board, and this data acquisition system is operated with LabView
software.

Flow Visualization
Schlieren images for the Mach 3.45 tunnel tests were taken in the

standard Z-path arrangement75 with 150-mm-diam concave mir-
rors with a focal length of 2 m. The images were recorded on a
PixelVision back illuminated charge-coupled device camera with a
resolution of 512 by 512 pixels. Background and flat-field images
were taken to correct for uneven illumination and improve the im-
age quality. A Stanford Research Systems pulse generator is used
to control the timing delay between the pulses of the laser used for
the energy deposition and the schlieren flash source. This control of
the time delay allows for images to be captured for precise delays
after the laser spark discharge.

A new flash source was developed. A 532-nm-wavelength
Nd:YAG laser beam was focused down and discharged on a 2% tho-
riated tungsten rod in an argon flow for the schlieren light source. As
already described, a plasma is created above the rod after seed elec-
trons have been generated from the rod. Moreover, argon has a lower
ionization threshold compared to nitrogen. For example, Mink30

gives results showing the threshold laser power required to ionize
argon at 1 atm of pressure is 70 kW, and for nitrogen at 1 atm the
laser power required is 500 kW. Mink’s results are for a Q-switched

Table 1 Operating parameters for the
Rutgers Mach 3.45 supersonic wind tunnel

Parameter Value

Mach numbera 3.45
Stagnation pressurea 1.4 MPa
Stagnation temperaturea 290 K
Mass flow rate 9.8 kg/s
Typical run timea ≈ 20 s
Total run timea 1.8 min
Test area cross sectiona 15 cm × 15 cm
Test area lengtha 30 cm

aMeasured quantities. bCalculated.

ruby laser and, therefore, will differ for the Nd:YAG laser used for
this apparatus. In any case, the breakdown and plasma formation
will be initiated more readily in argon. The half-peak pulse width
for the Nd:YAG discharge in argon is 0.12 µs, and the flow transit
for this time in the test section of the wind tunnel is 0.08 mm. This
new spark source for the schlieren images provided much clearer
and distinct flow structures due to the reduced pulse width of the
strobe discharge.

Laser for Energy Deposition
For the laser excitation experiments, a beam from a pulsed

Nd:YAG 532-nm laser was focused down to create a laser-induced
optical breakdown in air. The excitation beam was focused with a
250-mm focal length lens, resulting in a focal diameter of approxi-
mately less than 0.1 mm. The Nd:YAG laser was frequency doubled
to a wavelength of 532 nm with a temporal pulse width of about
10 ns and a repetition rate of 10 Hz. At this pulse frequency, each
perturbation can be analyzed independently because the flow transit
distance between laser pulses is much larger than the tunnel test
section size. The amount of energy delivered by the excitation pulse
was measured using an Ophir Optronics 30A-P-SH meter. The tim-
ing of the laser was controlled with a Stanford Research Systems
pulse generator, used to control the timing delay between the pulses
of the laser used for the energy deposition and the schlieren imaging
instrumentation.

The dimensionless parameter defining the relative energy deliv-
ered to the flow by the laser pulse is15

ε = QT /ρ∞cpT∞V

where QT is the energy deposited by the laser pulse in volume V .
Based on the freestream conditions (Table 2) and laser focal volume
V = 3 mm3, the value of ε ranged from 77 to approximately 2100
for energy pulses ranging from 13 to 283 mJ.

Sphere Model
An Edney type IV interaction is generated in the test section

by the intersection of an oblique shock generated by a 15-deg
wedge mounted on the test section ceiling and the bow shock of
the 25.4-mm sphere mounted in the test section. The sphere model
contains a pressure transducer used to measure the surface pressure
(Fig. 3). The sphere model is mounted on a U joint, and the U joint
in turn is mounted to a sting and splitter plate at the back of the test
section (Fig. 4).

A single Endevco 8530C-100 pressure transducer is mounted in-
side the 25.4-mm-sphere model behind a 1.32-mm-diam port and at
a depth of 1.78 mm from the front of the model’s spherical surface
(Fig. 3). This port was utilized to help protect the transducer and
reduce the effective area of pressure sensitivity so that it could be
better localized and the position measured. The fundamental fre-
quency of the organ-pipe resonance (a/4L , where a is the speed of
sound and L is the length of the cavity) would be expected to be

Table 2 Pressure port locationsa

Without shock impingement With shock impingement

13 mJ/ 127 mJ/ 258 mJ/ Low High
pulse pulse pulse position position

56 57 57 −57 −55
46 47 46 −46 −44
37 39 36 −31 −31
28 30 29 −16 −12
19 19 19 0 −2
11 12 10 3 4
1 1 0 10 6
−8 −10 −9 21 18
−18 −19 −19 29 29
−29 −30 −32 38 40
−42 −43 −43 51 52
−56 −55 −55 56

aPort location in degrees from horizontal.
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Fig. 3 Sphere surface pressure model.

Fig. 4 Pressure model mounted in wind tunnel.

on the order of 49 kHz, but was found to be minimal in compari-
son to the signals measured in the results presented here and low
enough in frequency so that the natural frequency of the transducer
is not excited. The pressure transducer is reported by the manufac-
turer to have a natural frequency of 500 kHz and a flat frequency
response up to 100 kHz. The rise time to which the transducer will
respond linearly within ±5% is reported to be 2.5 µs. The uncer-
tainty of the recorded pressure measurements is estimated to be
±0.7 psi (4.826 × 103 Pa). The electronic leads connected to the
transducer are secured to the sting and sting mount and are taken
out along a channel in the sting mount through the top, rear of the
test section. The signal from the transducer is conditioned by the
Endevco Model 109 Piezoresistive Conditioner and filtered by an
analog Krohn-Hite 3103A high- and low-pass filter set at 10 Hz
and 200 kHz, respectively. The filters were set to reduce effects of
low-frequency noise and high-frequency ringing from the natural
frequency of the transducer. The pressure signal is recorded by a
500-MHz Hewlett–Packard digital oscilloscope data and stored in
1 µs increments to an ASCII file. The pressure data was averaged
for multiple pressure traces.

The model is vertically rotated by means of the U joint to position
the location of the pressure port. The uncertainty of the angle port
position is ±3 deg. Additionally, the model was mounted such that
the Mach cone coming off of the wedge corners did not impact
on the sphere model. This positioning of the model was done to
minimize any three-dimensional effects of the Mach cone’s impact
on the model.

The gauges typically lasted anywhere from 1 to 30 wind-tunnel
runs. The gauge diaphragm is very delicate and is susceptible to
damage by high-speed particle impact. Four gauges were utilized in
the test program, and the wind-tunnel nozzle area and test section
were continually cleaned to eliminate as much particulate matter as
possible.

Results and Discussion
Steady State

Experiments were completed for a sphere at Mach 3.45 with laser
energy deposition upstream of the sphere. Surface pressure mea-
surements were made for the cases of the sphere with and without

shock impingement. The overall goal of these tests was to determine
whether the laser energy deposition could be used to reduce momen-
tarily the peak pressure loads associated with the Edney type IV
shock–shock interaction. Schlieren images were made to record the
interaction of the laser perturbation with the sphere and to correlate
with the pressure data. Figure 5a shows the laser energy deposition
locations for the tests with the sphere alone. These tests were com-
pleted as a baseline case for comparison to the shock impingement
test cases. Figure 5b shows the laser energy deposition locations
for the sphere with the Edney type IV shock–shock interaction. The
shock standoff distances measured from the schlieren images of the
sphere without shock impingement were within 3% of published
results.76

Figure 6 shows the measured surface pressure for the Mach-3.45
sphere with the Edney type IV shock impingement, and Table 2
lists the port locations for the surface pressure measurements. The

a)

b)

Fig. 5 Laser energy deposition locations for Mach 3.45 sphere
a) without shock interaction and b) with Edney type-IV shock/shock
interaction.

Fig. 6 Measured surface pressure for Mach 3.45 sphere with Edney
type-IV shock impingement.
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a)

c)

b)

d)

Fig. 7 Flow features for the laser energy deposition upstream of a Mach 3.45 sphere: a) initial deposition, b) blast wave effects, c) bow shock lensing
due to shock thermal interface interaction, and d) thermal spot turned along the shock and bow shock collapses back to steady state.

a) 0 µs

b) 10 µs

c) 20 µs

d) 30 µs

Fig. 8 Instantaneous argon/laser generated schlieren images of Mach 3.45 sphere with laser energy deposition one diameter upstream, 283 mJ/pulse,
150-mm-focal-length lens after laser deposition.
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pressure has been nondimensionalized by the freestream pitot pres-
sure. The experimental data show the characteristic rise in peak
pressure due to the embedded supersonic jet of the type IV inter-
action. Also, Fig. 6 shows the experimental steady-state pressure
distribution (without symbols for clarity) for the sphere without the
shock impingement. The Euler simulation shows excellent agree-
ment with the experimental data for the latter case.77 The increase
in surface pressure attributable to the Edney type IV shock impinge-
ment is readily seen in the comparison of the sphere-alone distribu-
tion with the measured distribution for the shock impingement case.
However, this measured peak pressure is most likely lower than the
actual peak pressure due to the distribution of the pressure over the
pressure gauge. Because the surface of the gauge cannot be made
infinitesimally small, the pressure it senses will be an average of the
pressure distributed over its surface. Therefore, any numerical sim-
ulations of this experimental arrangement should take into account
the finite size of the pressure port diameter and its averaging effect on
the pressure sensed. D’Ambrosio78 has demonstrated the necessity
for accounting for this finite pressure sensor size when comparing
experimental and numerical simulation data for the Edney type IV
interaction.

The two different data symbols in Fig. 6 represent two data
sets collected on two different days of wind-tunnel testing. The
steady-state pressure data collected on the subsequent days of test-
ing demonstrate the repeatability of the pressure measurements for
these tests.

a) 40 µs

b) 50 µs

c) 60 µs

d) 70 µs

Fig. 9 Instantaneous argon/laser generated schlieren images of Mach 3.45 sphere with laser energy deposition one diameter upstream, 283 mJ/pulse,
150-mm-focal-length lens, after laser energy deposition.

Another factor can be attributed to the broadening of the pressure
peak associated with the shock impingement. The compression ramp
used to generate the impinging oblique shock was mounted to the
test section ceiling within the boundary layer. The shock generated
with this ramp mounted in the boundary layer will fluctuate due to
the unsteady effects associated with the turbulent boundary on the
ramp.79 The fluctuations in the oblique shock will cause the shock
interaction with the bow shock location to fluctuate. This, in turn,
will cause the embedded supersonic jet of the Edney IV interaction
to fluctuate.

Laser Energy Deposition Upstream of Sphere
The laser energy deposition technique was applied as a perturba-

tion upstream of the 25.4-mm sphere model in the Mach 3.45 wind
tunnel. For the surface pressure measurements, the laser energy
was deposited one sphere diameter upstream of the sphere surface
(Fig. 5a).

As a starting point, and to give an overview of the process, Fig. 7
is a schematic of some of the unsteady flow features created by de-
positing the laser energy upstream of the sphere. Note that the actual
interaction is three dimensional, and therefore, Fig. 7 is intended to
illustrate the basic features only. In all cases, for both the sphere with
and without shock impingement, the energy deposition location was
upstream of the bow shock and, therefore, in the supersonic region
of the flow. The pulse width of the laser is 10 ns. Thus, the energy
deposited into the flow can be considered an instantaneous event.
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a) 80 µs

b) 90 µs

c) 100 µs

d) 120 µs

Fig. 10 Instantaneous argon/laser generated schlieren images of Mach 3.45 sphere with laser energy deposition one diameter upstream, 283 mJ/pulse,
150-mm-focal-length lens, after laser energy deposition.

After the laser energy has been deposited, the spot will begin to
convect downstream, and a blast wave will propagate outward from
the spot (Fig. 7b). The blast wave will reach the bow shock, where a
weak two-shock interaction will take place (Fig. 7b). The blast wave
is relatively weak compared to the bow shock. (Blast wave Mach
numbers for the quiescent air tests dropped below 1.5 within 5 mm of
the laser energy deposition region.77) However, a transmitted wave
will propagate to the sphere surface. The pressure measurements
detected this reflection also. (See the subsequent pressure measure-
ment results.) The thermal spot then reaches the bow shock, where
an interface/shock interaction takes place (Fig. 7c). From this in-
teraction the bow shock lenses forward, and an expansion wave is
transmitted to the sphere surface, where the pressure is reduced. The
fluid within the thermal spot is turned along the shock because the
stagnation pressure of the thermal spot fluid on traversing the blunt-
body shock is lower than the stagnation pressure of the freestream
flow that preceded it80 (Fig. 7d).

Figure 8–10 are time sequences of instantaneous schlieren images
for laser energy deposition 1.0 diameter upstream of a 25.4-mm-
diam sphere in the Mach-3.45 wind tunnel. The laser for the energy
deposition is repetitively fired at 10 Hz, and the flow in the test
section effectively travels 64 m between laser pulses. Therefore,
the schlieren images represent isolated events; however, the main
features of the flow are linked in time sequence from image to image.
The schlieren flash and the laser energy deposition are phase locked.
The flow is from right to left in each image, and the time between

the laser pulse and the schlieren spark is given beneath each image.
The laser deposition location is indicated in the 0-µs-time-delay
image (Fig. 8a). This spot is shown each time and is due to the flash,
the bremsstrahlung effect, from the formation of the plasma region.
This bright spot is visible because the shutter for the camera is open
for all events, that is, the laser deposition and the schlieren flash.

The laser incidence direction for the laser energy deposition is
shown in the 0-µs image (Fig. 8a). The spark is formed by focus-
ing the 1.0-cm-diam Nd:YAG laser beam down through a 150-mm
focal length lens. The optics for focusing the beam down were lo-
cated below the wind-tunnel test section, and the beam was brought
through the bottom test section observation window. The energy of
the beam was measured at 283 mJ/pulse, and the energy deposition
size is estimated at 3 ± 1 mm3.

The blast wave is clearly visible in the schlieren image for a time
delay of 10 µs between the laser pulse and the schlieren flash. At
a time delay of 10 µs, the thermal spot and blast wave and the
sphere/bow shock are isolated features in the flow. The knife-edge
for the schlieren images is oriented vertically. The density gradients
are clearly visible across the hemisphere model bow shock and the
blast wave emanating from the laser energy deposition. The density
gradients are in the horizontal direction for this orientation of the
schlieren knife-edge.

Between 20 and 30 µs after the laser energy deposition, the blast
wave for the deposition hits the bow shock of the sphere and is trans-
mitted and then reflected off of the sphere surface. The reflected
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Fig. 11 Surface pressure traces for various pressure port locations on vertical symmetry plane around front of sphere with laser energy deposition
(incident laser beam energy at 13 mJ/pulse) one diameter upstream and focused on model centerline.

Fig. 12 Surface pressure traces for various pressure port locations on the vertical symmetry plane around front of sphere with laser energy deposition
(incident laser beam energy at 127 mJ/pulse) one diameter upstream and focused on model centerline.

shock from the surface of the sphere can be seen in the 30-µs image
(Fig. 8d). At 40 µs (Fig. 9a) the thermally heated region created by
the laser energy deposition begins to interact with the bow shock of
the hemisphere. Between 40 and 50 µs, the bow shock is distorted
and blooms forward due to the decrease in local Mach number in
the thermally heated region. Georgievski and Levin.80 call this ef-
fect the lensing of the bow shock. In the 40- and 50-µs images
(Figs. 9a and 9b), streamwise striations are observed. These stria-
tions represent streamwise vorticity as the three-dimensional ther-
mal region interacts with the three-dimensional bow shock of the
hemisphere.

From 60 to 70 µs (Figs. 9c and 9d), the thermal spot generated
streamwise vorticity begins to breakdown to the smaller scales of
turbulent flow. The distorted bow shock begins to collapse backward,
and the upstream portion of the laser energy deposition blast wave
moves into the bow shock. From 80 to 120 µs (Figs. 10a–10d) the
bow shock collapses farther back, and the thermally heated flow
convects around the sphere. Finally at 160 µs, the flow has returned
to its steady-state condition.

In both of these energy deposition locations, the fluid dynamic
processes occur on the order of tens of microseconds and the wave
interactions on the order of microseconds. With this timescale, the

Fig. 13 Comparison of stagnation point pressure traces for sphere for
three energy deposition levels 1.0 diameter upstream of the sphere.
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Fig. 14 Flow features associated with laser energy deposition upstream of Mach-3.45 sphere with shock impingement: a) initial deposition; b)
shearing of thermal spot, oblique shock distortion, and blast wave distortion; c) perturbation to Edney IV shock–shock interaction; and d) complex
bow shock lensing, thermal spot interaction with sphere, and three-dimensional shock interactions.

a) 0 µs

b) 10 µs

c) 20 µs

d) 30 µs

Fig. 15 Instantaneous argon/laser generated schlieren images of Mach 3.45 sphere with Edney type-IV shock impingement and with laser energy
deposition 1.0 diameter upstream and 0.45 diameters above the centerline axis, 283 mJ/pulse, 150-mm-focal-length lens, after laser energy deposition.
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data acquisition frequency for the surface pressure and temperature
measurements were needed in the 100-kHz range.

The surface pressure was measured across the vertical symmetry
plane of the sphere for laser energy deposition 1.0 diameter up-
stream of the front of the sphere for three energy levels: 13, 127,
and 258 mJ/pulse. Figures 11 and 12 show the surface pressure from
−50 ≤ θ ≤ + 50 deg as a function of time for the 13- and 127-mJ
pulse energy levels. Figures 11 and 12 are constructed from a series
of wind-tunnel runs with each run providing a pressure vs time trace
at a fixed port angle. The pressure has been nondimensionalized
with the freestream pitot pressure pO2. The interaction of the ther-
mal spot, generated by the laser discharge, with the bow shock (in
the time interval of 40–90 µs) causes a blooming of the bow shock.
This behavior is consistent with the simulations of Georgievski and
Levin.80 and Aleksandrov et al.81 Note that the energy deposition
affects the flow over a period on the order of 50 µs. This flow tran-
sient effect is much greater than the energy deposition whereby the
excitation laser has a pulse width of 10 ns. Figure 13 shows a com-
parison of the centerline surface pressure traces for the three energy
deposition levels. The expansion process and reduction in pressure
appear to be independent of the energy level used for the deposition.
However, the blast wave is stronger for the larger energy level. This
effect can be seen by the larger initial compression level measured
for the larger energy level and the lower compression associated
with the lower energy level.

a) 40 µs

b) 50 µs

c) 60 µs

d) 70 µs

Fig. 16 Instantaneous argon/laser generated schlieren images of Mach-3.45 sphere with Edney type-IV shock impingement and with laser energy
deposition 1.0 diameter upstream and 0.45 diameters above the centerline axis, 283 mJ/pulse, 150-mm-focal-length lens, after laser energy deposition.

Laser Energy Deposition Upstream of Sphere
with Shock Impingement

Various energy deposition locations were tested for the Mach-
3.45 sphere with shock impingement (Fig. 5b). In this section, time-
sequenced schlieren images are presented to assess qualitatively the
effect of the laser energy perturbation on the sphere with an Edney
type IV shock–shock interaction.

The main flow features are diagrammed in Fig. 14 for the laser
energy deposition upstream of the Mach-3.45 sphere with the Edney
type IV interaction. All of the deposition locations were upstream
of the bow shock and upstream of the oblique impinging shock. The
laser deposition location is shown in Fig. 14a and the laser pulse
width is 10 ns. As the thermal spot encounters the oblique shock, it
will shear and cause the oblique shock to distort three dimension-
ally upstream (Fig. 14b). The shock perturbation will transmit to
the Edney IV impingement location and perturb the shock structure
locally at this point (Fig. 14c). This will cause a downward mo-
tion of the embedded supersonic jet. As the thermal spot interacts
with the oblique shock, it will become elongated and stretched in
the streamwise direction. It will also deflect downward due to the
downward velocity component behind the oblique shock. Next the
thermal spot will interact with the shock structure creating a com-
plex three-dimensional flow upstream of the sphere (Fig. 14c). The
shocks on either side of the impinging shock will lens upstream due
to the thermal interface and shock wave interaction. Obviously, the
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lensing will be different on the two sides of the oblique shock. The
shock will move farther upstream on the high side of the oblique
shock. Complex shock interactions will form at the shock inter-
sections (Fig. 14d). Finally, the spot will convect past the sphere,
and the shock will collapse back to the steady-state Edney type IV
structure. In the locations tested, the spot was low enough that it
interacted with the sphere. Physical constraints limited the ability to
locate the deposition location high enough so that it would perturb
the impinging shock but not impact the sphere.

Figures 15–17 give instantaneous schlieren images of the Mach
3.45 sphere with Edney type IV shock–shock interaction with laser
energy deposition 1.0 diameter upstream and 0.45 diameters above
the centerline. The times are given below Figs. 15–17 and repre-
sent the time of the image relative to the laser energy deposition at
t = 0 µs. As for the isolated sphere case, the blast wave and thermal
spot interaction can be seen as the energy deposition interacts with
the flow about the sphere.

There are two oblique shocks in Figs. 15–17. However, the upper
one is due to a tunnel sidewall effect associated with the compres-
sion ramp. This upper shock is not present in the center of the test
section where the sphere model is located. Filtered Rayleigh scat-
tering images (Ref. 77) were taken in the vertical center plane to
verify that this upper shock was in fact a shock in the foreground
and background and not a second impinging shock on the sphere.
It also appears that the impinging oblique shock extends all of the
way to the surface. This apparent shock extending to the surface

a) 80 µs

b) 90 µs

c) 100 µs

d) 110 µs

Fig. 17 Instantaneous argon/laser generated schlieren images of Mach-3.45 sphere with Edney type-IV shock impingement and with laser energy
deposition 1.0 diameter upstream and 0.45 diameters above the centerline axis, 283 mJ/pulse, 150-mm-focal-length lens, after laser energy deposition.

is a three-dimensional effect of the schlieren, and it is the oblique
shock in the background and foreground of the test section, and not
a shock extending down to the surface of the model.

The supersonic embedded jet set up by the Edney type IV shock–
shock interaction (Fig. 2) can clearly be seen for 0 µs in Fig. 15a.
The light and dark regions within the supersonic jet can be seen
in the schlieren image and correspond to the compression due to
the transmitted and reflected oblique shocks and the expansion re-
gions between the shear layers of the embedded jet. These com-
pressions, expansions, and curvature of the embedded jet are typ-
ical of the type IV interaction.5 This supersonic embedded jet is
what leads to the severe pressure and heat transfer loads to the
body.

At t = 10 and 20 µs (Figs. 15b and 15c), the blast wave can be
seen propagating outward from the laser energy deposition location.
However, in contrast to the laser energy deposition upstream of the
sphere, the blast wave becomes distorted as it encounters the oblique
shock wave created by the compression ramp mounted to the top of
the test section. At 30 µs (Fig. 15d), a distortion to the Edney type
IV shock structure begins. From 50 to 80 µs (Figs. 16b–16d), the
lensing of the bow shock occurs. However, in this case the lensing ef-
fect is distorted because of the difference in incident Mach numbers
due to the impinging oblique shock. At 90 µs (Fig. 17b) the shock
structure begins to collapse back. The flow resumes steady-state
conditions by 160 µs, and the reformation of the type IV
shock–shock structure.
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Fig. 18 Surface pressure traces on the vertical symmetry plane around front of sphere in Edney IV interaction with energy deposition 0.7 diameters
upstream and 0.15 diameters above model centerline.

Fig. 19 Surface pressure traces on vertical symmetry plane around front of sphere in Edney IV interaction with energy deposition 0.7 diameters
upstream and 0.28 diameters above model centerline.

A series of unsteady surface pressure measurements were com-
pleted for laser energy deposition upstream of the sphere model with
an Edney type IV impinging shock. Table 3 lists the tunnel operating
parameters for the surface pressure measurements.

Figures 18 and 19 show the surface pressure of the Mach 3.45
sphere with an Edney type IV shock interaction and with laser energy
deposition upstream of the sphere. Figures 18 and 19 show the
pressure as a function of time and pressure port. Both Figs. 18 and
19 show a momentary decrease in pressure similar to the thermal
spot interaction with the sphere without the shock impingement.
The pressure has been nondimensionalized by the freestream pitot
pressure.

For the energy deposition location of 0.7 diameters upstream and
0.15 diameters above model centerline, there is an increase in the
peak surface pressure 20 deg above the centerline (Fig. 18). This
increase in the pressure at this location is due to a secondary-shock
interaction formed by the shock lensing process and subsequent
embedded jet forming and impinging on the sphere surface. This
shifts the impingement location of the oblique shock and shifts the

Table 3 Tunnel operating parameters for sphere with and without
shock impingement

Sphere with shock
Parameter Sphere impingement

Mach numbera 3.45 3.45
Reynolds number based 1.71 × 106 1.86 × 106

on sphere diameter
Freestream viscosity, kg/m · s 5.32 × 10−6 5.75 × 10−6

Stagnation pressure, Pa 9.31 × 105 1.14 × 106

Stagnation temperature, K 263 283
Stagnation density, kg/m3 12.3 14.0
Freestream temperature, K 77.8 83.7
Freestream pressure, Pa 1.31 × 104 1.60 × 104

Freestream density, kg/m3 0.587 0.667
Freestream velocity, m/s 610 633
Freestream speed of sound, m/s 177 183
Pitot pressure, Pa 2.07 × 105 2.53 × 105

Pitot density, kg/m3 2.74 3.12

aMeasured quantities; all other quantities calculated.
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location of the embedded shock. Across the bottom portion of the
sphere, the pressure decreases and then increases, similar to the
thermal interaction with the sphere alone.

An additional energy deposition location was tested at 0.7 dia-
meters upstream and 0.28 diameters above the centerline (Fig. 19).
However, for this case there is no significant increase in the peak
pressure. The surface pressure decreases across the face of the
sphere, and the peak pressure is reduced by 30% due to the thermal
interaction of the laser energy deposition with the shock structure
upstream of the sphere.

Conclusions
The objective of this research is evaluate the capability of pulsed

Nd:YAG laser energy addition to achieve a momentary decrease
in surface pressure in two configurations: 1) a sphere in a uniform
freestream and 2) an Edney IV interaction generated by impinge-
ment of an oblique shock on the bow shock of the sphere. Momen-
tary reductions in surface pressure of 40 and 30%, respectively, were
achieved for the two configurations in a Mach-3.45 flow. Detailed
schlieren images describe the flow phenomena associated with the
interaction of the laser spot with the shock structures. These results,
obtained at supersonic flow conditions, suggest that pulsed laser en-
ergy deposition should be investigated as a flow control technique
for alleviating the adverse aerodynamic loads due to an Edney IV
interaction encountered by a hypersonic vehicle during maneuver
or gust response.
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