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The laser perturber is a tool to be used for receptivity studies in the Boeing/AFOSR
Mach-6 Quiet Tunnel. To demonstrate that the laser perturber is functioning correctly, it is
tested with a forward-facing cavity. Results are similar to previous studies by Ladoon and
Segura in a Mach-4 quiet tunnel. The cavity base pressure uctuations are nearly quiescent
at shallow cavity depths. When a freestream perturbation interacts with the forward fac-
ing cavity, the cavity base pressure experiences oscillations that decay exponentially. The
measured cavity resonance frequency matches the theoretical cavity resonance frequency
to within 6%. The measured cavity response appears to be initiated by the acoustic distur-
bance that results from the laser-generated perturbation. The damping characteristics of
the forward-facing cavity are also examined. For cavities with similar resonant frequencies,
the damping constants can di�er by almost an order of magnitude. However, cavities with
similar non-dimensional depths have similar damping constants.

Nomenclature

D cavity diameter, mm
Epulse laser energy per pulse, mJ
f1 fundamental cavity resonance

frequency, kHz
L cavity depth, mm
M Mach number
p pressure, kPa
Re Reynolds number
T temperature, �C or K
y spanwise tunnel coordinate (y = 0 on

tunnel centerline), mm
z axial tunnel coordinate (z = 0 at

throat), m
�z distance between model nose and

perturbation
� mean bow shock stando� distance, mm
=2 cavity resonance damping coe�cient,

rad/s
� Mach angle
!1 fundamental angular frequency, rad/s

Subscript
0 at stagnation conditions
1 conditions before a shock
2 conditions after a shock
i at initial conditions
AO acoustic origin
n natural/computed condition
nose at the nose
pulse of the laser pulse
r response (signal reaches 10% of maximum)

Superscript
0 RMS uctuations

Abbreviations
BAM6QT Boeing/AFOSR Mach-6 Quiet Tunnel
Nd:YAG Neodymium-doped Yttrium-Aluminum-

Garnet crystal
PQFLT Purdue Quiet Flow Ludwieg Tube

(Mach-4 Tunnel)
RMS root-mean-square

I. Introduction

Transition in the hypersonic regime is not a well-understood process. In order to study this phenomenon,
more experimental research is needed. Flight tests usually cost orders of magnitude more than ground tests,
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so experiments are typically conducted in wind tunnels. Unfortunately, no single wind tunnel is capable of
simulating all aspects of ight, so many di�erent wind tunnels must be used to understand the intricacies of
the transition process.

One such aspect is the e�ect of freestream noise on transition. Conventional tunnels have turbulent nozzle-
wall boundary layers which radiate acoustic noise into the freestream. The noise level in conventional tunnels
is orders of magnitude greater than the freestream noise in ight. Quiet tunnels, which were developed by the
NASA Langley Research Center (LaRC) from the 1960s to the 1990s, are tunnels with laminar nozzle-wall
boundary layers.1 They provide freestream pressure uctuation conditions that are similar to those in ight,
which a�ects transition location.2

Receptivity, the way in which disturbances in the freestream enter the boundary layer, is a particular part
of transition that is not understood. The freestream disturbance must typically pass through a shock wave,
whose e�ect on the initial amplitude of instabilities in the boundary layer is unknown. This creates critical
problems in our understanding of the physics of ow in the hypersonic regime. A better understanding of
receptivity at hypersonic speeds can help to develop amplitude-based models for transition. Without an
understanding of the basic physics and good models for transition, the design of hypersonic vehicles such
as re-entry vehicles can be awed. These aws contribute to under-design of a vehicle, such as too little
thermal protection, which can result in catastrophic failure. To compensate, designers may be inclined to
over-design a vehicle, which can result in unnecessary cost or make it unfeasible to achieve a mission.

II. The Boeing/AFOSR Mach-6 Quiet Tunnel

The Boeing/AFOSR Mach-6 Quiet Tunnel (BAM6QT) is currently one of two operational hypersonic
quiet tunnels in the world (Figure 1). It is the only known hypersonic quiet tunnel with optical access
far upstream. The tunnel is a Ludwieg tube with a valve downstream of the test section, so models and
instrumentation must be able to withstand the full stagnation pressure. This valve consists of a set of two
burst diaphragms. Several features are used to keep laminar boundary layers on the nozzle wall. Filters to
reduce particles in the freestream are used to minimize the likelihood of particle impact. A mirror-�nish
polish on the nozzle wall helps to reduce the likelihood of roughness-induced transition. The nozzle is
also longer than that of a conventional tunnel to minimize the likelihood of transition due to the G�ortler
instability. Just upstream of the throat, a bleed valve suctions o� the air, allowing a fresh boundary layer
to grow along the length of the nozzle. To run this tunnel in a conventional or \noisy" con�guration, the
bleed valve is closed to allow the boundary layer to develop naturally.

Figure 1. A schematic of the Boeing/AFOSR Mach-6 Quiet Tunnel.

III. Laser Perturber

The purpose of the laser perturber apparatus is to create a well-controlled, repeatable perturbation in the
freestream of a wind tunnel. This perturbation must be large enough and simple enough to characterize, but
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also small enough that it does not induce bypass transition. The simplicity of this type of freestream pertur-
bation is especially useful for comparing to theory or computations. Since the structure of the perturbation
is fairly straightforward, it can be easily modeled and incorporated into computations.

Laser-induced breakdown of air generates a disturbance in the freestream. The laser-generated perturba-
tion consists of both an acoustic and an entropic (thermal) disturbance. The thermal/entropic disturbance
makes up the core of the perturbation and should convect at the ow speed.3 The acoustic disturbance
emanates from this thermal core and travels at the speed of sound relative to the thermal disturbance in all
directions. The acoustic disturbance is expected to decay fairly rapidly, leaving the thermal disturbance to
be the primary disturbance used for receptivity studies. This thermal disturbance should essentially appear
as a pulse.4,5

The laser perturber system consists of a high-powered laser and a lens system which focuses the laser
beam inside the BAM6QT. The laser used is a Spectra-Physics Quanta-Ray GCR-190-10. It is a frequency-
doubled (532 nm) Nd:YAG laser that pulses at 10 Hz. Each pulse has a width of about 7 ns and is capable of
a maximum energy of about 310 mJ. To increase the shot-to-shot repeatability of the laser, a Spectra-Physics
model 6350 seeder is used. The spatial pro�le of the beam also has a 90% Gaussian �t.

The optical system was designed by Collicott using ZEMAX6 and consists of three air-spaced YAG
triplets manufactured by CVI Melles Griot (Figure 2). The lenses in the system are

� a YAN-50.0-10.0 (negative e�ective focal length) used to expand the laser beam

� a YAP-200.0-40.0 (positive e�ective focal length) used to collimate the laser beam

� a YAP-200.0-40.0 (positive e�ective focal length) used to focus the laser beam

The beam passes through a at 38.1-mm-diameter window of 46.6-mm thickness after the last lens. Using
ZEMAX, the RMS radius is found to be 1.251 �m and the Airy (di�raction-limited) radius is 3.979 �m.

Figure 2. Laser perturber optical system schematic. Laser beam direction from left to right.

A. E�ect of Window Shapes on Freestream Noise

Custom windows for this project were designed by Metrolaser and DEI and manufactured by B-Con Engi-
neering in 2002.7{9 The window mounted in the BAM6QT is centered at an axial location of z = 1:924 m,
where z = 0 is the location of the throat. Both contoured and at windows were manufactured. However,
at present, the optical system for the laser perturber has only been made to work with the at window.10

Since the window used is at and the BAM6QT test section is axisymmetric, there may be some aerody-
namic e�ects from this window. Preliminary tests to determine if this window a�ects the noise in the tunnel
were conducted with a pitot-mounted Kulite probe. The Kulite probe was a mechanically-stopped, B-screen
XCQ-062-15A. Three types of windows were examined: a stainless-steel contoured blank, a custom-ground
contoured window, and a at window (used to create laser-generated perturbations).

An assumption that the tunnel is of constant diameter is used to correlate the acoustic origin of the noise
to the vertical measurement position. The acoustic origin is the location from which noise is radiated to a
measurement location. It is estimated by tracing a Mach line from the measurement location to the closest
wall. The axial location of the acoustic origin is approximated as

zAO = zprobe �
R� y

tan�
(1)

where zprobe is the axial location of the probe with respect to the throat, R is the assumed-constant radius of
the tunnel, y is the probe’s distance from the tunnel centerline, and � is the assumed-constant Mach angle.
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Figure 3 shows the Mach number inferred from Kulite measurements of stagnation pressure across the
test section. The gray shaded area shows the region of measurement locations corresponding to the acoustic
origin of the sleeve in which the window glass is mounted. This area also represents the edges of the stainless
steel blank. The blue shaded area shows the measurement location corresponding to the acoustic origin of
the window glass. The Mach number is calculated numerically using a Newton-Raphson method with the
measured total pressure (p0;2) and the measured stagnation pressure of the driver tube (p0;1). Measurements
with the stainless-steel blank in the nozzle wall (�lled black circles) and the contoured window (blue open
circles) both show a fairly constant Mach number across the test section.

Figure 3. Measured Mach number across the test section for di�erent windows and blanks.

Measurements taken with the at window mounted in the nozzle wall (red squares) show a slight dip
in Mach number at a measurement position of about 30 mm above the centerline of the tunnel. Two
separate surveys across this region con�rm the dip in Mach number. However, this dip does not appear to
correspond with the window edges or sleeves. This is because the acoustic origin approximation assumes
a one-dimensional, inviscid ow. Furthermore, the changing radius of the expanding nozzle is not taken
into account. Measurements at this location are given by a fairly coarse survey. Further tests need to be
conducted to better measure the location of the Mach wave that results from the junction of the at window
and the tunnel wall.

To determine the e�ect of this Mach wave, the noise level across the test section was also measured.
The noise level measured at di�erent vertical positions at z = 2:374 m and an initial stagnation pressure of
p0;i � 1100 kPa are shown in Figure 4. At each location, the probe pauses for 0.3 seconds, so there are fewer
data points than in Figure 3. As expected, the stainless-steel blank shows a low, nearly-constant noise level,
regardless of measurement location. For both windows, the noise level is higher for a measurement location
that corresponds to an acoustic origin downstream of the window location. This was expected for the at
window, but not for the contoured window. It is possible that there is a bad seal around the contoured
window which could create an jet on the nozzle wall during a run. It is also possible that this increase in
noise is due to a shimmering Mach wave. However, this increase in noise does not exceed the quiet ow limit
of 0.06%11 for either window.

IV. Forward-Facing Cavity

Forward-facing cavities are geometries used as a form of passive heat transfer reduction at the nosetip
of a blunt body, such as an optically-guided interceptor missile.12,13 However, these forward-facing cavities
resonate. Cavity resonance causes the bow shock in front of the nose to oscillate, which creates an unsteady
ow�eld. This bow shock oscillation can be stable, which means that the shock is symmetric about the nose
and the oscillations are small. In some experiments, the bow shock becomes unstable. When the bow shock
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Figure 4. Noise measurements showing e�ects of di�erent window inserts.

is unstable, the shock does not oscillate in a controlled manner and the oscillation amplitudes are large.13{15

Under quiet ow, shallow cavities are almost quiescent, which explains the low heat transfer level seen in
ight.12 However, deeper cavities undergo self-sustained oscillations, even in quiet ow.

A forward-facing cavity (Figure 5) is used in the BAM6QT to prove that the laser perturber can create a
measurable and controlled freestream disturbance. The physical response of the model is fairly well-known
from previous experiments in the Mach-4 Purdue Quiet Flow Ludwieg Tube (PQFLT).16{18 Computations
have also been done on similar geometries by Engblom.12 The response of this model without the presence
of forced freestream perturbations at Mach 6 was presented in Reference 19.

Figure 5. Schematic of forward-facing cavity model.

A. Background

The forward-facing cavity acts as a resonance tube, where the pressure uctuations within the cavity have
a dominant fundamental frequency of

!1n = 2�f1n =
�a0
2L�

(2)

where a0 is the speed of sound based on stagnation temperature in the cavity and L� = L + � is the axial
distance between the cavity base and mean shock location. The mean shock stando� distance � can be
estimated using existing correlations. However, no correlation currently exists for a forward-facing cavity.
The shock stando� distance was approximated by averaging the correlation for that of a at-nosed cylinder
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and that of a sphere. Similar approximations were used by Ladoon16 and Segura.17,18 At M = 6, � = 0:54D
for a at-nosed cylinder and � = 0:14D for a sphere.20 The average of these two expressions gives � = 0:34D
for the forward-facing cavity. The constant D is as noted in Figure 5.

At some critical depth, a forward-facing cavity becomes unstable and creates self-sustained resonance,
even under quiet ow. Previous tests under quiet ow show that the pressure uctuations within a deep,
unstable cavity are almost three orders of magnitude larger than when the cavity depth is shallow.19 Ladoon
was unable to �nd the critical depth at Mach 4 using only the freestream noise in the PQFLT because his
model could only produce shallow cavities. Almost 10 years later, Segura designed another model with a
deeper cavity and found that the critical cavity depth was about L=D = 1:2 using only the freestream noise
in the Mach-4 tunnel.17,18 Previous tests by the present author at Mach 6 showed that the critical cavity
depth is also L=D = 1:2 for a larger model and higher Mach number.19

Ladoon used the damping characteristics of the cavity response to a laser-induced perturbation to ex-
trapolate to the critical depth. This can be done by assuming that the response produces a damped sinusoid
with an exponential envelope of the form

p002 = C exp
h
�

2
t
i

(3)

where p002 is the RMS pressure uctuation at the base of the cavity, C is some constant with units of
pressure, =2 is the decay rate, and t is the time after excitation. Ladoon then used a least-squares method
to �t exponential envelopes to the peaks of the response of a forward-facing cavity. Ladoon found that the
exponential envelope decay rate (=2) could be correlated to the fundamental cavity resonance frequency
(!1). Using a power-law �t, the correlation was found to be



2
= 1:0273 � 10�12 !3:227

1 (4)

where =2 and !1 have units of radians per second.16

This damping constant =2 can also be associated with the cavity depth using Equation 2. Ladoon used
the data point with smallest =2 and the slope of Equation 4 at that point to linearly extrapolate when
=2 = 0. This corresponded to a critical angular frequency (!1;critical) of 18,200 rad/sec, which corresponds
to (L=D) = 2:7.16

B. Model Positioning

In the BAM6QT, the nominal onset of uniform ow on the centerline occurs near z = 1:914 m.21 The
laser perturbation is created at a location of z = 1:925 m. The location of this perturbation is limited by
the optical design of the perturber as well as the optical access into the tunnel. The perturber optics were
aligned with a slight angle between the window and the perturber optics. This was done to reduce the risk
of damage from back reections of high-energy laser light.

The large-diameter nose facilitates the alignment of this model with the freestream laser perturbation.
Some issues with alignment were discussed in Reference 10. Some improvements to the alignment process
have been incorporated in the measurements presented in this paper. The current alignment procedure uses
a digital level to measure the pitch angle of the model with respect to the tunnel centerline. The perturbation
is aligned to the model with a straight toothpick mounted in the center of the cavity. For the alignment
process, the sting is secured to be parallel within 0.1° to the tunnel centerline with a digital protractor. The
optics and the model are adjusted until the tip of the toothpick is burned by the focused laser light. When
the tip of the toothpick is burned, the focus of the system has been found and aligned with the centerline
of the model. The sting is then moved along the tunnel centerline through the sting mount until the axial
position of the model is as desired. The sting is again aligned so that the pitch is within 0.1° of the tunnel
centerline. There may still be some uncertainty in the yaw of the model.

The farthest forward location tested did not require changing the axial position of the model after
alignment with the laser-generated perturbation. This position is similar to the distance between the model
and perturbation in the PQFLT. However, when the model is placed at this far-forward location in the
BAM6QT, the model may no longer be in uniform ow, as shown in Figure 6. This was not the case for
Ladoon’s experiments, where the entire nose of the model was in uniform ow.16 At the farthest-forward
location tested in the BAM6QT, the nose of the model is at about z = 1:98 m. However, since the onset of
uniform ow occurs at z = 1:914 m and the Mach angle at that location is about 9.6°, it is likely that parts
of the model are not in uniform ow.
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Figure 6. Diagram of axial location of model in the tunnel. All items to scale, except perturbation.

C. Instrumentation

The model used for the Mach-6 experiments (Figure 5) was designed by Segura in 2008.17,18 The maximum
L=D possible for this model is 5.00. The depth was varied by sliding the cylindrical steel insert back and
forth and held constant by tightening set screws on the side of the model. The cavity is sealed at the base
using two o-rings on the cylindrical steel insert. For laser perturber tests, L=D is varied only over 0{1.00
due to the observation of self-sustained resonance at conditions as low as L=D = 1:15. An exponential decay
in perturbation-induced resonance is not seen when self-sustained resonance occurs.

Pressure uctuations in the cavity were measured with a B-screen Kulite XCQ-062-15A pressure trans-
ducer mounted in the base of the cavity, within the cylindrical steel insert. These sensors are mechanically
stopped at pressures above 15 psia to prevent damage to the transducer. The particular sensor used in
this experiment has a resonant frequency of about 270 kHz. These Kulite transducer screens provide better
protection against particle impact, as compared to the A-screen model, but are reported to have decreased
frequency response. This limitation should not be a problem for forward-facing cavity experiments because
the fundamental cavity resonance frequency is less than 20 kHz.

Previous tests with no forced freestream perturbations are discussed in Reference 19. All data presented
in this paper has a freestream perturbation located at z = 1:925 m, upstream of the forward-facing cavity.
Each of these perturbations is made with the optical equipment discussed in Section III. The laser energy
is reduced by a beam sampler to 140-180 mJ/pulse near the BAM6QT windows.

Data were acquired using two Tektronix DPO7054 Digital Phosphor Oscilloscopes. These oscilloscopes
have an 8-bit vertical resolution. Using the \Hi-Res mode" allows for the vertical resolution to be digitally
increased to over 11 bits. This mode allows the oscilloscope to take data at the maximum sampling rate and
to average the data in real time. Data is saved at the sampling rate set by the user, which for these tests
was 1 MHz.

V. Data Analysis

Five 8-ms time samples are used for an ensemble average of the data. These data are measured by the
Kulite transducer mounted in the base of the forward-facing cavity. Each 8-ms time block is taken after
one pulse from the Nd:YAG laser. More samples were not used due to the time di�erence between the �rst
and last trace. The conditions could vary greatly for longer lengths of time. For example, blunt models
typically experience separation on the nozzle wall in the initial moments of the run. This may be due to
a shock-boundary layer interaction, when a strong bow shock o� of the model impinges on the nozzle wall.
When separation occurs on the nozzle wall, the nozzle-wall boundary layer can sometimes experience re-
attachment. Data from before this separation occurs or after reattachment can be used. For quiet ow, after
2 seconds of run time or less, the freestream noise in the tunnel increases.11 This noise increase is suspected
to be related to noise increase in the contraction, which results from free convection currents. The tunnel
conditions also change about every 0.2 seconds, when expansion wave reection in the contraction of the
BAM6QT reduces the stagnation conditions. Turbulent bursts also appear more frequently on the nozzle
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wall for high-Reynolds-number runs. These turbulent bursts are random, but the Mach waves preceding the
turbulent bursts can interact with the forward-facing cavity model (Figure 16 in19).

To determine the number of averages necessary for time traces and spectra, di�erent numbers of averages
were examined for a case where there were no turbulent bursts on the nozzle wall during a run. These are
shown in Figure 7. Figure 7(a) shows that when more than 5 averages of fast Fourier transforms are taken,
the spectra all appear to be fairly similar. Only slight changes to the noise oor are observed. Thus, it may
be acceptable to take somewhere between 5 and 10 averages.

(a) 5 or more averages.

(b) 5 averages compared to 10 averages.

Figure 7. A comparison of the number of averages necessary to produce acceptable spectra. L=D = 1:00,
p0;1 � 1080 kPa, T0;1 � 428 K, M = 6:0.

While it is desired to take more averages, this requires more laser pulses which are not a�ected by
changes in conditions. At the high Reynolds numbers tested, it is di�cult for this to be achieved without
any turbulent bursts on the nozzle wall, separation on the nozzle wall, or increase in tunnel noise.11 Thus,
the constraint on the number of FFTs that must be averaged should be relaxed, if possible. Figure 7(b)
shows spectra that look very similar, regardless of if 5 or 10 averages are taken. This indicates that perhaps
only 5 FFTs need to be averaged to produce acceptable spectra.

This method was compared to that used by Casper in her glow perturber experiments. Casper uses 50
averages of a perturbation with a repetition rate of 200 Hz. The �rst and last average of Casper’s data never
saw more than a 0.5 s di�erence.22 Since the Nd:YAG laser pulses at 10 Hz, only �ve pulses happen in a
0.5-second time frame. Furthermore, at high stagnation pressures, more turbulent bursts tend to be present,
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so laser pulses a�ected by turbulent bursts are more common. These traces could not be used. Thus, the
longest span between the �rst and last data that were averaged for these experiments was 0.7 seconds.

VI. Results

To show that this method of creating perturbations in the freestream works for the BAM6QT, the forward-
facing cavity experiments of Ladoon were duplicated and compared. The measured frequency of the cavity
resonance was checked and compared to theory. Damping experiments similar to the Mach-4 experiments
were also conducted. As before, a laser perturbation was created in the freestream and allowed to convect
downstream to interact with the forward-facing cavity model. Since the length scales in the BAM6QT are
an order of magnitude larger than in the PQFLT, some changes in the results are to be expected.

A. Measured Frequency of Cavity Resonance

Previous measurements with no forced perturbations in the freestream showed good agreement between the
theoretical and measured fundamental resonance frequency.19 When no forced perturbations are present
in the freestream, the fundamental cavity resonance frequency was found by taking power spectra of a
0.1-second time sample after the tunnel start time. The frequency of the largest-amplitude peak was then
assumed to be the fundamental of the cavity resonance frequency.

When laser perturbations are present in the freestream, the resonance frequency was found by taking
power spectra as described in Section V. Again, the largest-amplitude peak is taken to be the fundamental
cavity resonance. Using the example spectra is given in Figure 7(b), the fundamental frequency of the cavity
resonance is given by the large peak at about 3.9 kHz.

A comparison of measurements of the frequency with and without laser perturbations in the freestream
is given in Figure 8. The red squares are measurements made by Ladoon in the PQFLT using a laser
perturbation in quiet ow.16 Measurements made in the BAM6QT are given by the blue open circles and
green �lled triangles. The blue open circle represents the fundamental frequency when there are no forced
perturbations in the freestream (quiet ow). The green �lled triangle shows the measured fundamental
frequency when there are laser perturbations upstream of the cavity in quiet ow. These measured values
are within 6% of the frequency predicted by Equation 2. The error likely stems from the approximation of
the shock stando� distance �. These data show that the resonance frequency is the same for cases with and
without forced perturbations.

Figure 8. A comparison of measured and theoretical fundamental frequency of cavity resonance (Equation 2).
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B. Maximum Distance for Detectable Laser Perturbation

In previous tests, when the model is placed farther downstream of the laser perturbation, the response
was markedly decreased for unknown reasons. Initially, the forward-facing cavity was positioned so that
znose = 2.374 m. This was the same location used for many pitot-probe measurements. However, at this
location, the cavity pressure did not respond to the perturbation. This previous result may have been due
to alignment issues, which are discussed in Reference 10. It is possible that the perturbation was not created
on-axis with the forward-facing cavity model and therefore does not convect in a straight line toward the
model when it is far downstream.

While the thermal perturbation is not expected to decay over such a short distance, this possibility was
tested. These experiments also served to �nd the maximum distance the model could be placed from the
perturbation while still being able to detect the perturbation. To do this, the model is set with a cavity of
L=D = 1:00, which is slightly less than the critical depth of the forward-facing cavity. The distance between
the model and perturbation (�z) was adjusted between each tunnel run. Perturbations were detected with
this forward-facing cavity con�guration up to a distance of �z=D = 27.3 away. Farther distances were not
tested. However, the response changed in both magnitude and character as the distance was increased.

To show how the forward-facing cavity response changes with distance from the laser perturbation,
Figure 9 shows the individual traces and ensemble averages of the response. The cavity base pressure response
for �ve di�erent laser perturbations are given by light gray traces. The red traces show the ensemble average
of these �ve samples. As the model is moved farther away, the response to the perturbation changes and
the time that it takes the perturbation to cause a response changes. The closest location of �z=D = 3:15
(Figure 9(a)) gives a damped sinusoidal shape, similar to what was seen by Ladoon.16 However, at the next
closest location of �z=D = 7:35 (Figure 9(b)), the characteristic of the response changes. First, some high-
frequency content appears in the ensemble-averaged trace. The cavity base pressure oscillations then begin
to decay exponentially, as before. As the distance is increased, there appears only to be the high-frequency
noise and the rest of the trace is similar to a case when there are no laser-generated perturbations in the
freestream (Figure 10(b)).

(a) �z=D = 3:15. (b) �z=D = 7:35.

(c) �z=D = 16:8. (d) �z=D = 25:2.

Figure 9. Cavity base pressure response for di�erent model locations. Re=m = 11:8� 0:2� 106/m, L=D = 0:996.
Note the changes in scale on the y-axis.

Figure 10 shows time traces of the pressure uctuations in the forward-facing cavity at one of the farthest
aft measurement positions. Figure 10(a) shows the response of the cavity due to a laser perturbation.
Figure 10(b) shows the response of the cavity when there is no laser perturbation. Figure 10(c) shows the
electronic noise trace. These are not averaged time traces, because it was di�cult to determine whether or
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not \ensemble averages" of 8-ms blocks would be in phase when there was no forcing perturbation in the
freestream. For comparison, the cases where there was a laser-generated perturbation in the freestream are
also not averaged. Instead, Figure 10(a) shows a time trace taken after one laser pulse. Post-processing of
these traces included low-pass �ltering the traces with an 8-pole Butterworth �lter at a frequency of 200 kHz.
This trace was taken by exposing the Kulite sensor mounted in the model to a vacuum pressure of about
1.10 kPa. No ow was present in the tunnel at this time. The laser was turned on at full power, but with the
laser beam blocked with a beam stopper placed in front of the tunnel windows. The uctuations recorded
by the Kulite were then normalized using the total pressure used in Figure 10(a).

(a) Laser perturbation in freestream. �z=D = 25:2. (b) No laser perturbations. �z=D = 25:2..

(c) Electronic noise.

Figure 10. Cavity base pressure response for di�erent model locations. Re=m = 11:8� 0:2� 106/m, L=D = 0:996.

It was previously thought that the forward-facing cavity was responding to the thermal disturbance.
However, it is possible that it is responding to the weak acoustic disturbance instead. At the farther
locations, the acoustic disturbance may have begun to dissipate and may not be causing as large a response.
The magnitude of the maximum overshoot in response is plotted against the location of the model in the
tunnel in Figure 11. This maximum pressure response appears to decay exponentially with distance.

Figure 11. Maximum pressure response due to laser perturbation for each streamwise position of the forward-
facing cavity tested.

To better determine whether the acoustic or the thermal disturbance is generating the cavity response,
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the speed of the disturbance can be used. The response time (tr) will be taken as the time between when
the laser pulse is �red and when the cavity base pressure response reaches 10% of the maximum response.
This response time to the perturbation can be plotted against the distance to the cavity nose (�z) in order
to �nd the speed of the disturbance. The un�ltered traces are used for this analysis in order to ensure that
no phase lag exists between each of the traces used. The average of �ve time traces at each of these locations
is used.

Figure 12 shows the cavity base pressure response when the model is placed at di�erent distances from
the perturbation. Each pressure trace is o�set by an amount proportional to the distance downstream from
the perturbation’s initial location, z = 1:925 m. From this �gure, it appears that there is a fairly linear
relationship between the model location and the time at which the Kulite measures a response.

Figure 12. Cavity base pressure response for di�erent model locations. L=D = 1.00, M1 = 6.0, p0 = 1074 kPa,
T0 = 426 K, Epulse = 160 mJ/pulse.

The distance between the cavity nose and perturbation (�z) was then plotted against the response time
(tr) and a least-squares �t was applied. This provided a linear �t with the following equation:

�z = 974
m

s
� tr � 0:0279 m (5)

= 974
m

s
(tr � 28:6�s) (6)

From this linear �t, it appears that the speed of the perturbation is about 974 m/s. There also appears to
be some o�set between when or where the perturbation is created and when the Kulite sensor responds to
be perturbation. This o�set is a distance of 2.79 cm or a time delay of 28.6 �s or some combination of the
two. The response time tr is measured relative to when a laser pulse is �red. The cause of this delay is
unknown.

At the conditions where these measurements were made, the speed of sound is about 144 m/s. The
thermal perturbation is expected to be ow-�xed, or to travel with the freestream speed,3 which is about
867 m/s. The fastest the acoustic disturbance can travel is about 1011 m/s. This number is only 3.7%
di�erent from the measured speed of the disturbance. So, from this, it is likely that the acoustic disturbance
is generating the ringing response in the forward-facing cavity. Any di�erences may be from the assumed
static temperature of 52.0 K and assumed Mach number of 6.0. As mentioned previously, the model sits far
forward at some of these measurement locations, in a region where the ow may not be uniform.

It is di�cult to pinpoint when or if other parts of the perturbation a�ect the cavity base pressure. At
locations where �z=D is small, the expected arrival of the thermal perturbation occurs very soon after the
fast acoustic perturbation. This makes it di�cult to distinguish between the response of the Kulite pressure
transducer to each component of the laser perturbation. Linear and nonlinear interactions may occur due
to the response of the model to the di�erent types of perturbations and this may cause the data to be
unclear. Damping of the �rst portion of the laser-generated perturbation (fast acoustic wave) may not occur
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fast enough to clearly see the response of the second portion of the laser-generated perturbation (thermal
perturbation).

C. Damping Characteristics

Damping characteristics for the forward-facing cavity were examined for L=D = 0:00{1.00 at Mach 6.
Only data from the farthest forward location was used for this analysis because this distance is similar
to the separation between the model nose and initial perturbation location used by Ladoon.16 Thus, the
perturbation is likely to be similar to that used by Ladoon.

Pressure traces were taken after �ve di�erent laser pulses and averaged to form a representative trace.
An example of the average of these traces and the exponential envelope �t to the averaged trace is given in
Figure 13. The red line is the ensemble-averaged trace, and this is the trace used in determining the best
exponential envelope �t. The dashed black line is the exponential �t, which is found by using a least-squares
�t to the peaks of the red pressure trace.

Figure 13. Example of averaged pressure traces. L=D = 1.00, p0;1 = 1050:3 kPa, T0 = 153:4�C, M1 = 6.0,
Epulse = 179:6 mJ/pulse, quiet ow.

1. Damping of Cavity Resonance and Resonance Frequency

The damping coe�cients were plotted against their corresponding fundamental frequencies for a comparison
to Ladoon’s prediction. The best power-law �t to the data at Mach 6 was:



2
= 3:54 � 10�11 !3:03

1 . (7)

The amplitude constant for this �t is an order of magnitude larger than that in Ladoon’s power-law �t
(Equation 4). As shown in Figure 14, the data fall on two separate curves. This indicates that some
di�erence between the two experiments a�ects the damping. Thus, the damping coe�cient cannot be scaled
simply by comparing !1.

Many parameters change between Ladoon’s experiment and the present BAM6QT experiment. Some of
these parameters are listed in Table 1. How these parameters a�ect the physics of the cavity ow is unknown.
Furthermore, the Mach-6 tests were conducted with the model far forward in the tunnel, in a region with
non-uniform ow. This may also a�ect the damping of the cavity resonance.

Ladoon’s data consistently shows about an order of magnitude slower damping than the data found in
the BAM6QT. This is further illustrated in Figure 15, where the averaged pressure trace for data in the
BAM6QT with a similar !1 can be compared to the pressure trace from Ladoon’s work. Figure 15(a) shows
a signal that appears to take four times longer to decay than the signal in Figure 15(b). This suggests that
the parameter !1 is dependent on some parameter that changes between the PQFLT experiment and the
BAM6QT experiment.

However, using Equation 7, the critical depth can still be estimated using only the data collected at
Mach 6. For the case where !1 = 25200 rad/s, Equation 7 gives a decay rate of =2 = 775 rad/s. The
slope of Equation 7 at !1 = 25200 rad/s is then 0.0932. This gives that the critical resonance frequency
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Figure 14. A comparison of damping coe�cients for di�erent cavity frequencies.

Table 1. Comparison of conditions in the PQFLT and the BAM6QT for forward-facing cavity experiments.

Condition PQFLT16 BAM6QT

Freestream Mach Number, M1 4 6

Freestream Stagnation Pressure p0;1, kPa 100 � 3 1050 � 4

Stagnation Pressure Behind Shock p0;2, kPa 13:9 � 0:4 31:1 � 0:1

Stagnation Temperature T0, K 298 � 3 426 � 5

Stagnation Sound Speed a0, m/s 346 417

Mean Bow Shock Stando� Distance �, mm 3.7 6.5

Cavity Diameter D, mm 9.53 19.05

Maximum Cavity Depth Tested L, mm 18.91 18.98

Unit Reynolds Number Behind Shock Re2/m, �106 1.22 1.65

(a) PQFLT (Ladoon), !1 = 31400 rad/s, L=D = 1:426.
Re2/m = 1:22� 106/m.

(b) BAM6QT, !1 = 29700 rad/s, L=D = 0:798. Re2/m =
1:690� 106/m.

Figure 15. A comparison of damping rates for cavities with similar !1.

!1;critical = 16900 rad/s. Using Equation 2, the critical resonance frequency can be related to the cavity
depth. A representation of Equation 2 that gives the critical nondimensional cavity depth can be expressed
as �

L

D

�
critical

=
�a0

2D!1;critical
� �

D
(8)

Assuming that a0 = 417 m/s, this gives that (L=D)critical = 1:70. The critical cavity depth found using this
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method of extrapolation is closer to the value found experimentally than Ladoon’s estimate of (L=D)critical =
2:7. A critical cavity depth of L=D = 1:2 was found in previous experiments.19 However, the extrapolated
value of (L=D)critical = 1:70 is still 41% di�erent from the value found experimentally.

2. Damping of Cavity Resonance and Cavity Depth

Another way of looking at the data was to analyze the relationship between the damping constant and the
cavity depth. Figure 16 shows that cavity resonance in similar non-dimensional cavity depths decays in
about the same amount of time. The damping for Ladoon’s case in Figure 16(a) was =2 = 611.2 rad/s
for L=D = 1.064. At L=D = 0.996 in the BAM6QT, the damping constant was =2 = 917.5 rad/s. These
numbers are at least the same order of magnitude.

(a) PQFLT (Ladoon), L=D = 1.064. Re2/m = 1:22� 106/m. (b) BAM6QT, L=D = 0.996. Re2/m = 1:65� 106/m.

Figure 16. A comparison of damping rates for cavities with similar L=D.

The data were plotted and a power law was �t to both sets of data from the PQFLT and BAM6QT.
This is shown in Figure 17. The �t to the data is



2
= 725:7

�
L

D

��2:130
(9)

and has a coe�cient of determination (R2) of 0.982. This implies a correlation between the non-dimensional
cavity depth and the damping coe�cient that is independent of the parameters listed in Table 1. Thus, it
seems appropriate to compare the decay rates found in di�erent tunnels using the non-dimensional quantity
L=D rather than the angular frequency of cavity resonance (!1).

Figure 17. Power law �t for data from PQFLT and BAM6QT.

The use of this power law to �nd the critical cavity depth, however, still does not work well. Using only
the data taken at Mach 6, the point with the longest decay time occurs at L=D = 0:996. Equation 9 gives a
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decay rate of 731.9 rad/s. The slope of Equation 9 at L=D = 0:996 is found to be about 1566 rad/s. A linear
extrapolation of the data gives that the critical depth L=Dcrit = 1:46. This number is closer than both the
value calculated by Ladoon16 and the value calculated using Equation 7. However, it is still 22% di�erent
from the measured critical depth.

VII. Summary

The forward-facing cavity is used to verify the e�ectiveness of the laser perturber apparatus. This
model has a well-known response, which has been explored in previous computations and experiments.
The forward-facing cavity resonance appears to be initiated by the acoustic disturbance that results from
the laser-generated perturbation. As the distance from the perturbation is increased, the response to the
perturbation decreases. Damping characteristics of the forward-facing cavity were also examined. Cavities
with the same resonant frequency damp almost an order of magnitude faster in the Mach-6 tunnel than they
do in the former Mach-4 tunnel. However, resonance in cavities with the same non-dimensional cavity depth
L=D appear to dampen at the same rate. This could provide information to help design future geometries
with a forward-facing cavity con�guration.
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