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To study the azimuthal development of boundary-layer instabilities, a controlled, laser-generatedperturbationwas

created in the freestream of the Boeing/U.S. Air Force Office of Scientific Research Mach 6 Quiet Tunnel. The

freestream perturbation convected downstream in the wind tunnel to interact with a flared-cone model. The flared

cone is a body of revolution bounded by a circular arc with a 3m radius. Pressure transducerswere used tomeasure a

wave packet generated in the cone boundary layer by the freestreamperturbation. Nine of these sensors formed three

stations of azimuthal arrays and were used to determine the azimuthal variation of the wave packets in the boundary

layer. The freestream laser-generated perturbation was positioned upstream of the model in three different

configurations: along the centerline axis, offset from the centerline axis by 1.5mm, and offset from the centerline axis

by 3.0 mm. When the freestream perturbation was offset from the centerline of a flared cone with a 1.0 mm nose

radius, a larger wave packet was generated on the side toward which the perturbation was offset. As a result,

transitionoccurred earlier on that side. Theoffset perturbationdidnot haveas large of an effect on theboundary layer

of a nominally sharp flared cone.

Nomenclature

f = frequency, kHz
N = integrated growth factor
p = pressure, kPa
rn = nose-tip radius, mm
Re∕x = freestream unit Reynolds number, m−1

T = temperature, K
t = time after tunnel starts, s
tp = time after laser pulse is fired, ms
x = distance from nose tip, mm
ρ = density, kg∕m3

Subscripts

i = initial condition
s = surface condition
0 = stagnation condition
∞ = freestream condition

Superscript

0 = fluctuation

I. Introduction

R ECEPTIVITY is the manner in which freestream disturbances
enter the boundary layer to initiate the growth of instabilities.

Progress has been made in understanding the complex problem
of laminar–turbulent boundary-layer transition, but work is still

ongoing. Receptivity can introduce disturbances into a boundary
layer via interactions of freestream disturbances with the leading-
edge geometry, a discontinuity in surface curvature, and surface
roughness [1]. Many computations of receptivity are performed for
cases with small initial disturbances because the linear growth of
instabilities is fairly well understood. These studies can involve the
study of plane waves interacting with an axisymmetric or two-
dimensional body [2–7] or the study of a discrete disturbance aligned
to the axis of symmetry of a body [8]. Some theories have also been
developed to show receptivity to freestream particulates [9] and
entropy spots [10]. These theoretical and computational studies
can provide great insight into the generation of boundary-layer
instabilities by freestream disturbances, especially because the most
unstable of instabilities tend to be axisymmetric or two-dimensional
in high-speed flows. Fewer experimental studies of receptivity
have been performed due to the difficulty in controlling the
environment. High-speed experiments using a laser-generated
disturbance have been performed in a quiet Mach 4 Ludwieg tube
with the perturbation in the freestream [11,12], in a conventional
Mach 6 Ludwieg tube with the perturbation deposited behind the
shock [13], and in a quiet Mach 6 Ludwieg tubewith the perturbation
in the freestream [14].
Two-dimensional and axisymmetric disturbances are known to be

the most unstable orientation of the second and higher modes of
boundary-layer instabilities [15]. Thus, many computational and
theoretical studies use the assumption of azimuthal periodicity or a
reduction in dimensions to reduce computational cost. However, the
alignment of discrete freestream disturbances to the body of a vehicle
in flightmaynever be precise.Thus, it is important to study the effect of
discrete, off-axis disturbances in the freestream and the nature of the
boundary-layer instabilities that result. This type of study can require a
large computational effort and cost, and so experimental investigations
of this effect may help to provide direction for these studies.
McKenzie and Westphal theorized that the generation of vortical,

acoustic, and thermal disturbances were possible once any of these
three types of disturbances encountered an oblique shock [16]. The
directionality of the generated disturbances is dependent upon the
angle of incidence that the incoming disturbance has to the shock.
The difference in angle of incidence and angle of transmission or
generation is governed by Snell’s law. Schilden et al. showed that
the interaction of entropy waves with a shock could generate
acoustic waves [17]. Schilden et al. also showed that the presence of
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incident acoustic and entropy waves generates circular pressure rings
wrapped around a cone, which are caused by interference with the
reflected wave. Previous computations by Dunn also show that the
collision of a thermal spotwith a hemispherical nosegenerates a vortex
ring, which convects over a long period of time [18]. The convection
period of this vortex ring along a hemisphere–cylinder geometry lasted
well past any oscillations in the bow shock thatmay have resulted from
the discrete freestream disturbance. More recent computations by
Kianvashrad et al. [19,20] show that these vortex rings form as a result
of the interaction between the laser-generated perturbation and that an
off-axis laser-generated perturbation can form a larger vortex on the
side toward which energy deposition occurs.
An important component of receptivity is the leading-edge

geometry. Bluntness effects on receptivity and the growth of
boundary layers have been investigated in several studies [4,21–23].
The receptivity of blunt bodies differs from that of sharper geometries
due to the presence of an entropy layer. Computations shown by
Balakumar and Kegerise [4] and Balakumar [7] indicate that the
receptivity coefficient of a sharp nose to acoustic and vortical
disturbances is orders of magnitude larger than on a blunt nose. On a
blunt body, off-axis freestream disturbances first enter the entropy
layer and do not enter the boundary layer until the entropy layer is
swallowed by the boundary layer.Work byBalakumar [7] shows that,
upstream of this swallowing location, acoustic disturbances do not
grow in the boundary layer but instead act like trapped acoustic
waves. Thus, for bodies with small bluntness (Reynolds number
based on nose diameter less than 1000), the amplitude of the
instability waves is smaller and transition is delayed because the start
of growth is delayed.
The presence of instabilities in the boundary layer can cause an

azimuthal variation in the fluctuating and mean components of
boundary-layer properties. Several of these are periodic in nature and
in the form of streamwise vortices or streaks [24–26]. A concave
surface curvature generates the Görtler mode, which is important to
geometries such as flared cones and nozzle walls. The Görtler
instability typically manifests as counter-rotating pairs of stationary
streamwise vortices. Li et al.’s computations showed the highest
linear amplification of the stationary Görtler instability on a circular-
arc flared cone had an azimuthal wave number of 50 and reached
an N-factor of just under 6 at a unit Reynolds number of about
10 × 106∕m [27]. Previous work has shown that N-factors of
approximately 5 are enough to cause transition in environments with
significant amounts of freestream noise [28–30]. Other routes to
transition were considered by Li et al., but the studies determined that
the interaction of the Görtler and second-mode instabilities was the
most likely interaction to initiate transition.
Azimuthal variation in the boundary layer may also be caused by

the nonlinear growth of the primary boundary-layer instabilities. The
nonlinear growth of the second-mode instability was investigated by
Terwilliger [31], Sivasubramanian and Fasel [25,26], and again by
Li et al. [32] for cones at Mach 6. The secondary instability of the
secondmode has a stationary vortex component and possibly accounts
for the stationary vortices observed with temperature-sensitive paints
in experiments at Purdue University [24,33]. Numerical studies by

Sivasubramanian and Fasel [26] show that these streaks can be caused
by the fundamental (K-type) or oblique nonlinear interactions of the
second mode.
Past measurements of the receptivity of blunt bodies were

performed in a Mach 4 quiet tunnel at Purdue University that has
since been decommissioned [12,34,35].A freestream laser-generated
perturbation was positioned upstream of a hemisphere, and the
response of the flowfield was measured with laser differential
interferometry, a pressure transducer, and a schlieren system. Salyer
noted that the impingement of the thermal disturbance on the
hemisphere generated a rounded protrusion from the bow shock,
indicative of a ring vortex [35]. The freestream perturbation used
in Salyer’s experiments contained both a thermal core and a weak
shock, which arrived at the model at different times. The interaction
of the bow shock from the hemisphere and theweak shock around the
thermal perturbation appeared to generate a weak vortex ring. A
stronger vortex ring was generated by the collision of the thermal
disturbance and the bow shock, which was supported by Dunn’s
computations [18]. This indicates that the weak shock had some
effect on the flowfield of themodel, but the thermal disturbance had a
larger effect. The effect of this vortex ring on the development of
boundary-layer instabilities was not studied in either Salyer’s or
Dunn’s work.
The experimental approach used in the study described in this

paper was to create a controlled freestream perturbation in the
Boeing/U.S. Air Force Office of Scientific Research (AFOSR)Mach
6 Quiet Tunnel (BAM6QT) at Purdue University. Characteristics of
this perturbation were then measured with fast pressure transducer
probes and presented in [36]. The perturbation was then allowed to
convect downstream to a flared-cone model, where its effect was
measuredwith surface-mounted pressure transducers.Measurements
of the streamwise growth of instabilities generated by the freestream
perturbation were presented in [14]. The present paper details
the azimuthal measurements of the instabilities generated by the
freestream laser perturbations. The freestream perturbation was
placed along the same axis as the centerline of the cone and then later
offset from the centerline axis to determine the effect of an off-axis
freestream perturbation.

II. Facility and Equipment

The Boeing/AFOSR Mach 6 Quiet Tunnel (BAM6QT) at Purdue
University is a Ludwieg tube that can be operated with laminar
nozzle-wall boundary layers (Fig. 1). Conventional high-speed
tunnels typically have turbulent nozzle-wall boundary layers that
radiate acoustic noise into the freestream. These disturbances are not
typically seen in flight and can cause transition to occur earlier in a
ground-test facility. Quiet facilities have a reduced freestream
acoustic noise level more comparable to flight [37–39] and provide a
highly controlled environment in which receptivity can be studied
carefully. More information about the development of such quiet
tunnels can be found in [39].
In the BAM6QT, the acoustic noise level has been measured at

around 0.02% for about the first 2 s of run time [40,41]. The operation
of the tunnel creates an expansion wave that reflects between the end

Fig. 1 Schematic of the Boeing/AFOSR Mach 6 Quiet Tunnel.
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of the driver tube and the contraction about every 0.2 s. This reflection

causes a stair-step decrease in the stagnation pressure, stagnation

temperature, and unit Reynolds number. The decrease in stagnation

pressure is less than 15%, and the decrease in stagnation temperature

is about 4%over the first 2 s of the run.Amodel installed in the tunnel

starts at room temperature and remains at about the same temperature

during these short runs. After 2 s, the acoustic noise level increases

slightly, and the run ends at about 4 or 5 s at the freestream conditions

used for the experiment (Sec. II.D).

A. Laser Perturber

The laser perturber apparatus creates a perturbation in the

freestream of a wind tunnel by focusing a high-powered Nd:YAG

laser to a small volume. The apparatus consists of two main

components: aNd:YAG laser and a set of focusing optics designed by

Collicott [42]. ANd:YAG laser equippedwith enhanced spatialmode

and a laser seeder is used in this experiment. The beam diameter is

about 4 mm. The maximum energy per pulse is typically around

270 mJ. The laser pulses are fired at a rate of 10 Hz, with each pulse

lasting about 7 ns. The laser is frequency-doubled to output light

at 532 nm.

An ionized plasma is created at the focus of the optical system via
laser-induced breakdown. A multiphoton absorption process drives
the laser-induced breakdown in low-density environments such as a
wind tunnel [43]. The creation of the freestream perturbation through
this process depends on the available molecules in the focal region as
well as the photon flux. This plasma quickly cools within a few
hundred nanoseconds, and a shock wave is emanated from the
plasma core as it relaxes [19,44]. The perturbation generated in the
freestream of the facility is a nearly spherical thermal perturbation
surrounded by a weak, nearly spherical shock wave [12,45–47]. The
shock dissipates fairly quickly, and so the shock is expected to have
almost no effect on the flowfield of the model [11,12,45,48,49]. The
thermal core is used as a controlled perturbation, which convects with
the freestream and interactswith a test body downstream (Fig. 2). The
perturbation can be generated upstream of the model either on the
same axis as the model’s centerline (Fig. 3a) or off the centerline
(Figs. 3b–3d).
Measurements of the thermal disturbance were made with a pitot

probe at different locations perpendicular to the beam axis of the laser
perturber. The pitot pressure was measured with a fast pressure
transducer with a 3.4 mm diameter and a resonant frequency greater
than 1 MHz. The freestream measurements of the perturbation
showed a nearly spherical perturbation lasting almost 9 μs and a
deficit of 65% pitot pressure in the center of the perturbation. The
size of this perturbation is approximately 6 mm [14,36]. The power
spectra of these freestream measurements are given in Fig. 4. The
spectral content at different locations across the laser perturbation
indicate a decrease in the amplitude of the perturbation’s effect as the
probe is moved off of the centerline.

B. Flared-Cone Model

The model used for this experiment was a flared cone. The
photograph of the model in Fig. 5 shows eight PCB sensors on the
0 deg ray toward the top of the page and three PCB sensors on the
�120 deg ray on the bottom of the page. The geometry of the flared
cone is a body of revolution bounded by a circular arc with a 3 m
radius. The cone frustumwasmanufactured on a computer numerical

Fig. 2 Schematic of the streamwise position of the freestream

perturbation relative to the test model.
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Fig. 3 Schematic of the spanwise position of the freestream perturbation relative to the test model.
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control lathe out of 6061-T6 aluminum round stock. The nose tips for
the model are interchangeable and manufactured out of 17-4PH
stainless steel round stock. A 1-mm-radius (blunt) nose tip and a
0.16-mm-radius (sharp) nose tip were used in this experiment. The
nose tips are designed to be hemispherical, with the curvature of the
nose tip laying tangent to the circular-arc flare. The sharp nose tip is
28 mm longer than the blunt nose tip, and so the position of the
installed sensors relative to the nose tip changes with the change in
nose tip.
A total of 14 PCB 132A31 fast pressure transducers were installed

in the cone. Eight of these fast pressure transducers were installed
along the 0 deg ray,which faced 180 deg away from the incomingNd:
YAG laser beam. Three sensors were installed on the �120 and
−120 deg rays each to provide three axial rays and three stations of
azimuthal sensor arrays. The azimuthal arrays of sensors were used
both to align the cone model to the freestream and to study the
azimuthal effects of the boundary-layer instabilities created by the
laser-generated perturbation.

C. Data Acquisition

The data were recorded with three digital phosphor oscilloscopes,
which can each record up to four different data channels. The
maximum recording length of each of these channels is up to 250
million points. Two of the oscilloscopes have an analog bandwidth of
500 MHz, and one of the oscilloscopes has an analog bandwidth of
1 GHz. The sensors were sampled at 2 MHz for 5 s, the duration of a
run. The data were acquired with the “high-res mode” feature on the
oscilloscope, which samples the data at the maximum bandwidth
and then filters and records the data at the user-specified sampling
frequency.

D. Run Conditions

Run conditions for this model were limited to a small range of
Reynolds numbers due to several factors. The initial stagnation
temperature of the flow is nominally 433 K. The stagnation

temperature of the flow drops about 4%, and the stagnation pressure

drops less than 15% during the first 2 s of a run. Initial unit Reynolds
numbers lower than about Rei∕x � 5.3 × 106∕m (p0;i � 500 kPa)
caused boundary-layer separation on the nozzle wall of the

BAM6QT, due to tunnel blockage. Wave packets generated by the
laser perturbation broke down at the aft end of the model for unit

Reynolds numbers of about Re∕x � 7.1 × 106∕m (p0 � 670 kPa)
on the sharp model and aboutRe∕x � 8.7 × 106∕m (p0 � 820 kPa)
on the blunt model. For the blunt nose-tip model, unit Reynolds

numbers lower than Re∕x � 7.1 × 106∕m (p0 � 670 kPa) produced
small wave packets that were unable to be measured by most of the
sensors along the length of the cone.
Conditions for the blunt flared cone and the sharp flared conewere

chosen to provide similar boundary-layer states when there was no
freestream laser perturbation present. The conditions were chosen so

that the natural second-mode instability on the cone was to remain as

linear as possible by the most-downstream measurement station,
while still remaining large enough in amplitude to be measurable.

These conditions were chosen in an attempt to keep the freestream

laser perturbation from causing bypass transition. The choice to run
the blunt flared cone at a unit Reynolds number of approximately

8 × 106∕m allowed for the natural wave packet generated in the

boundary layer to be large enough to be measurable at the last two
azimuthal sensor stations without becoming turbulent. The choice to

run the sharp flared cone at a unit Reynolds number of approximately

6 × 106∕m was the lowest Reynolds number at the time that would
allow themodel to start without causing separation on the nozzlewall

of the facility.
The position of the model nose tip relative to the initial location of

the laser perturbation changes with each alignment of the focusing
optics. The location where the laser perturbation is generated relative

to the tip of the sharp nose tip varied from 92.4 to 113.6 mm between

the different off-axis configurations detailed in Fig. 3.After the optics
were aligned to position the perturbation at a certain off-axis position,

the frustum of themodel was held in a constant axial station, and only

the nose tips were changed. Thus, the relative location of the blunt
nose tip was 28 mm farther downstream than the sharp nose tip. The

temperature of the thermal disturbance is expected to decay slightly

in amplitude with time. The speed of the thermal disturbance is
expected to be the same as the freestreamvelocity,which is nominally

874 m∕s. The spherical shock speed is variable for the first

microsecond but then slows down to the relative sound speed [19]. In
the 28 mm difference between the nose tip, the thermal perturbation

should experience little decay, whereas the weak spherical shock

should dissipate before reaching either nose tip.

III. Azimuthal Measurements of a Wave Packet in the
Boundary Layer

The azimuthal variation of the wave packet was studied by

aligning the perturbation relative to the cone centerline in three
different configurations. The perturbation was first aligned to the

centerline axis and later offset by 1.5 and by 3.0 mm from the

centerline axis. The offset from the centerline was positioned toward
each ray of sensors, at azimuthal positions of 0, �120, and

−120 deg. Similar effects were observed when the perturbation was

offset toward the different rays of sensors, and so only the data with
the perturbation offset toward the 0 deg ray are presented in this

paper. The time traces corresponding to each sensor ray are offset by

an amount proportional to the azimuthal position. The power spectral
densities shown in this section are estimated usingWelch’smethod to

determine fast Fourier transforms (FFTs) of each wave packet, and

15 different FFTs are averaged together. The 95%confidence interval
for this number of averages is approximately 0.1–5% of the

maximum power in the expected second-mode frequency band,

depending on the signal-to-noise ratio. The data are presented here
with the time traces at each axial station in the left column of the

figures, and the corresponding spectra to each of these time traces are

presented in the right column.

Fig. 5 Photograph of the 3-m-circular-arc flared cone.

0 200 400 600 800 1000
10-14

10-13

10-12

10-11

10-10
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y = -1 mm
y = -3 mm

Fig. 4 Spectral content of the freestream laser-generated perturbation

at locations on andoff the centerline of the perturbation:p0 � 1022 kPa,
T0 � 412.8 K, ρ∞ � 0.040 kg∕m3.
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A. Laser Perturbations Generated Along the Cone Centerline Axis

Figure 6 shows the time response and the power spectral densities

of the measurements made on the blunt flared cone. The freestream
perturbation was aligned to the cone centerline for the measurements

shown. Figure 6a shows that the wave packets are not discernible
from the natural second-mode waves at the first sensor station. The

amplitude of the waves increases slightly around 850 μs after the
laser pulse is fired. The cause of this increase is unknown because it

appears at every sensor station at approximately the same time. The
power spectra of the measurements at the most upstream azimuthal

array (x � 302 mm) show a peak from the second-mode instability
in at approximately 250 kHz (Fig. 6b). The wave packet becomes

more apparent in the time traces starting at the second azimuthal array

located at x � 351 mm at t � 750 μs but appears to be smaller on the
0 deg ray (Fig. 6c). The power spectra in Fig. 6d show that the first

harmonic of the secondmode is now present in all of the time traces at
this axial station. Figure 6e shows that the wave packets grow larger

as they travel downstream and are all about the same shape. The
amplitudes of the wave packets are slightly different, which may

result from a slight misalignment of the freestream disturbance
relative to the cone centerline. The spectra in Fig. 6f show that the

amplitudes and frequency bands for the second mode appear to be
fairly similar around the azimuth at x � 403 mm.
Figure 7 shows the time response and power spectral densities

of the measurements made on the sharp flared cone. Again, the

freestream perturbation was aligned to the cone’s centerline axis for

these measurements. The wave packet is apparent in the time traces
on the sharp cone at all three axial stations and at each azimuthal

station. The vertical scaling of the time trace plots is 2.5 times the
vertical scaling of the plots in Fig. 6 because the wave packets are

much larger on the sharp flared cone than on the blunt flared cone,
despite being at a lower Reynolds number. The first harmonic of the

second mode is present in the power spectra of the measurements at

the most upstream azimuthal array at x � 332 mm (Fig. 7b),
indicating that the boundary-layer instability is already nonlinear at
this measurement station. Higher harmonics appear in the spectra at
the next azimuthal array at x � 382 mm (Fig. 7d). The presence of
these large harmonics in each of the azimuthal arrays indicates that the
wave packet may already be nonlinearly saturated at x � 382 mm.
Furthermore, the wave packet may be fairly far along in the transition
process at this point because the amplitude of the wave packet is large
at approximately 9%of the computed surface pressure.However, there
is no increase in the broadband noise, and so it does not appear that the
wave packet has become turbulent. The harmonics begin to disappear
from the spectra at the most downstream of the azimuthal arrays at
x � 434 mm (Fig. 7f). The background frequency content also begins
to rise, indicating that the wave packet has begun to break down
near x � 434 mm.

B. Laser Perturbations Generated 1.5 mm Off of the Cone Centerline

Axis

The freestream perturbation was next placed 1.5 mm off of the
centerline axis and upstream of the model to determine the effect of a
purposefully offset perturbation. This offset is approximately 25% of
the diameter of the freestream perturbation, 75% of the blunt nose-tip
diameter, and 469% of the sharp nose-tip diameter. Figure 8 shows
the effect of this slightly offset perturbation on the instabilities
generated in the boundary layer of the blunt flared cone. The
perturbation is offset toward the 0 deg ray of sensors in these figures.
As seen in Fig. 8a, the wave packet is not easily discernible from the
natural second-modewaves at x � 302 mm on the blunt flared cone.
Again, an unknown slight increase in amplitude is seen at about
850 μs after the laser pulse is fired, despite the fact that the position of
the laser perturbation relative to the cone model has changed. A peak
at the expected second-mode frequency (250 kHz) appears in the
power spectra in Fig. 8b, indicating that any instabilities present are
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Fig. 6 Measured response to freestream laser perturbation on the blunt nose tip: rn � 1 mm. Re∕x � 8.02 × 106∕m. Perturbation is aligned to cone

centerline.
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Fig. 7 Measured response to freestream laser perturbation on the sharp nose tip: rn � 0.16 mm.Re∕x � 5.62 × 106∕m. Perturbation is aligned to cone

centerline.
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Fig. 8 Measured response to freestream laser perturbation on the blunt nose tip: rn � 1 mm.Re∕x � 7.93 × 106∕m. Perturbation is offset 1.5mm from

the cone centerline toward the 0 deg ray.
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the same frequency as the natural secondmode. At the next azimuthal
sensor array at x � 351 mm, the wave packet on the 0 deg ray
appears to be significantly larger than the wave packets on the�120
and −120 deg rays, which are barely discernible at this scaling. The
power spectra in Fig. 8d indicate that the power in the second-mode
instability is about an order of magnitude higher on the 0 deg rays
than the other two rays. Finally, in the most downstream of the
azimuthal arrays, the wave packet on the 0 deg ray is very large,
whereas the wave packets on the �120 and −120 deg rays are
similar in magnitude. The power spectra in Fig. 8f show that the
power in the second-mode peak on the 0 deg ray is almost 1.5 orders
of magnitude larger than on the other two rays. However, the power
spectra in Fig. 8f do not indicate that the wave packet has begun to
break down on the 0 deg ray. There are still clear peaks at the second-
mode frequency band and at the first and second harmonics, but the
peak second-mode frequency has decreased by approximately 8 kHz.
The background broadband frequency content remains close to the
electronic noise floor.
Figure 9 shows the effect of the offset perturbation on the sharp

flared cone. Surprisingly, unlike the flow on the blunt flared cone, the
wave packet in the boundary layer of the sharp flared cone does not
appear to experience a change in amplitude with the change in
perturbation position. Figure 9 shows the time traces from the three
azimuthal sensor arrays. The shapes and amplitudes of the wave
packets are similar, although some have an envelope for multiple
bursts. The power spectra in Figs. 9b, 9d, and 9f all show that the
second-mode frequency band has a large amplitude and the first and
second harmonics are present. This indicates that the wave packets
are nonlinearly saturated on the sharp flared cone by x � 382 mm
and, again, that the wave packet on the sharp flared cone is further
along the path to transition than on the blunt flared cone at this station.
The power spectra in Fig. 9f show an increase in power in the lower
frequencies on all three sensors at x � 434 mm. This increase is
probably due to the beginning of breakdown of the wave packet.

C. Laser Perturbations Generated 3.0 mm Off of the Cone Centerline

Axis

When the freestream perturbation was offset from the centerline
by as much as 3.0 mm, its effect was more pronounced than when
the offset was 1.5 mm. For reference, this offset corresponds to
approximately 50% of the diameter of the freestream perturbation,
150% of the blunt nose-tip diameter, and 937% of the sharp nose-tip
diameter. Figure 10 shows the time traces of the pressure fluctuations
measured by the pressure sensors at the three different azimuthal
arrays on the blunt flared cone. On the blunt flared cone, the wave
packet on the 0 deg ray is similar to a turbulent spot. Instead of a
smooth shape, the wave packet contains high- and low-frequency
wavelengths and appears more jagged and sharp. This is the ray
toward which the freestream perturbation is offset. The other sensors
on the�120 and −120 deg rays show no sign of the wave packet at
x � 302 mm (Fig. 10a), and a small wave packet is present at
x � 351 mm and 403 mm (Figs. 10c and 10e). The power spectra
show that there is a large amount of power in the broadband frequency
content for each sensor along the 0 deg ray (Figs. 10b, 10d, and 10f).
Thus, the frequency content of the wave packet on the 0 deg ray
appears to resemble that of a turbulent spot even at themost upstream
azimuthal array location of x � 302 mm. The power spectra for the
sensors on the�120 and−120 deg rays show the second-mode peak
and some harmonics with relatively low background frequency
content, similar to when the perturbation was aligned to the cone
centerline. Measurements made with the perturbation offset toward
the �120 or −120 deg rays show a similar effect; the ray toward
which the perturbation was placed has a turbulent spot, whereas the
other rays show the presence of a coherent wave packet.
Figure 11 shows the time traces and the power spectra of the

pressure fluctuations on the three different azimuthal arrays on the
sharp flared cone. The wave packet on the sharp cone appears to be
about the same shape and amplitude at each ray of sensors (Figs. 11a,
11c, and 11e) as in the previous cases. The power spectra also show

Time after Laser Pulse tp, μs

p′
/p

s +
 o

ffs
et

600 800 1000

-2

0

2
+120o

-120o

0o

a) x = 332 mm f, kHz

(p
′/p

s)
2 /H

z

0 200 400 600 800 1000
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5

Electronic Noise
0o

+120o

-120o

b) x = 332 mm

Time after Laser Pulse tp, μs

p′
/p

s +
 o

ffs
et

600 800 1000

-2

0

2
+120o

-120o

0o

c) x = 382 mm f, kHz

(p
′/p

s)
2 /H

z

0 200 400 600 800 1000
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5

Electronic Noise
0o

+120o

-120o

d) x = 382 mm

Time after Laser Pulse tp, μs

p′
/p

s +
 o

ffs
et

600 800 1000

-2

0

2
+120o

-120o

0o

e) x = 434 mm f, kHz

(p
′/p

s)
2 /H

z

0 200 400 600 800 1000
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5

Electronic Noise
0o

+120o

-120o

f) x= 434 mm

Fig. 9 Measured response to freestream laser perturbation on the sharp nose tip: rn � 0.16 mm.Re∕x � 6.40 × 106∕m. Perturbation is offset 1.5 mm

from the cone centerline toward the 0 deg ray.
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Fig. 10 Measured response to freestream laserperturbationon the blunt nose tip: rn � 1 mm.Re∕x � 8.05 × 106∕m. Perturbation is offset 3.0mmfrom

centerline toward the 0 deg ray.
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Fig. 11 Measured response to freestream laser perturbation on the sharp nose tip: rn � 0.16 mm.Re∕x � 5.82 × 106∕m. Perturbation is offset 3.0 mm

from centerline toward the 0 deg ray.

1874 CHOU AND SCHNEIDER

D
ow

nl
oa

de
d 

by
 N

A
SA

 L
A

N
G

L
E

Y
 R

E
SE

A
R

C
H

 C
E

N
T

R
E

 o
n 

Ju
ne

 1
9,

 2
01

9 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/1
.J

05
64

19
 



relatively similar amplitudes in the second-mode frequency band and
in the higher harmonics (Figs. 11b, 11d, and 11f). However, there is
some evidence that breakdown is starting to occur in thewave packet
at x � 434 mm along the 0 deg ray; a broadband rise in the power of
the lower frequencies between 0–450 kHz is shown in Fig. 11f for the
sensor at 0 deg. The content in this 0–450 kHz frequency band at
�120 and −120 deg is much less than at 0 deg. The larger offset
perturbation has less of an effect on the sharp flared cone than on the
blunt flared cone. For both offsets used in this experiment, the sharp
nose tip appears to be less sensitive to the alignment of the freestream
perturbation than the blunt nose tip.

D. Comparison of the Effect of the Laser Perturbation

Figure 12 shows a comparison of the power spectra for
measurements taken at the last azimuthal sensor station on the 0 deg
ray. Each plot shows the electronic noise, measurements with no
laser perturbation in the freestream, measurements with the laser
perturbation aligned to the centerline axis of the flared cone,
measurements with the laser perturbation offset 1.5 mm from the
centerline axis, and measurements with the laser perturbation offset
3.0 mm from the centerline axis. On the blunt flared cone, the
amplitude of the natural second-mode instability increases in
amplitude as the laser perturbation is added to the flow. Then, as the
laser perturbation is farther offset from the centerline axis (Fig. 12a),
the amplitude of the wave packet grows until the wave packet breaks
down on the side toward which the perturbation was offset. At a
1.5 mm offset, the second-mode instability also appears to shift
slightly in peak frequency. On the sharp flared cone, the presence
of the freestream laser perturbation in the flow creates a larger-
amplitude second-mode instability and a harmonic but otherwise
does not change the broadband frequency content (Fig. 12b). There is
a small increase in the broadband frequency content between 0 and
450 kHz when the freestream laser perturbation is offset from the
centerline axis, but otherwise the second-mode instability and its
harmonic appear to be of the same amplitude as when the laser
perturbation is placed on the centerline.

IV. Discussion of the Measurements

As the freestream perturbationwas shifted off the centerline axis of
the blunt flared cone, the amplitude of the wave packet generated in
the boundary layer also changed around the azimuth. Instead of
generating an instability that was azimuthally uniform, the generated
wave packet appeared to have larger amplitude on the side toward

which the freestream disturbance was shifted. This phenomenon is
observed in the computations in [20], which only focus on the vortex
ring generation near the nose. Kianvashrad et al.’s work also deals
with a freestream perturbation that is much smaller relative to the
diameter of the model than in this experiment. However, the larger
perturbation could have produced a similarly asymmetric vortex ring
that generates an asymmetric disturbance in the boundary layer.
As the freestream perturbation shifted farther off the centerline axis

of the blunt cone, the wave packet appeared to become larger on the
side toward which the perturbation was offset. A shift of 3 mm off the
model centerline caused breakdown of the wave packet at the first
azimuthal sensor station on the ray towardwhich the laser perturbation
was offset. The receptivity coefficient of the sharp flared cone to
acoustic waves is 1.2, which is two orders of magnitude larger than the
receptivity coefficient of the blunt flared cone, which is 9.3 × 10−3 [7].
Despite the expected higher receptivity in the sharp nose tip, the wave
packet only appeared to be nonlinearly saturated at nearly all of the
measurement stations on the sharp cone. Some evidence of spectral
broadening was visible in the most downstream measurement station
on the sharp flared cone (Fig. 12b), but unlike the blunt flared cone,
the wave packet did not break down.
Streamwise alignment differences existed between the sharp cone

and the blunt cone. The nose tip of the sharp flared conewas generally
about 28mmcloser to the generation location of the perturbation than
the blunt flared cone because the position of the model was not
changed with respect to the location of the perturbation. This
difference in generation location was a circumstance of working to
ensure that the centerline axis of the cone remained stationary relative
to the location of the perturbation between nose-tip changes. For a
perturbation traveling at the nominal freestream flow speed of the
BAM6QT, this distance is equivalent to about 32 μs difference in
arrival time of the perturbation to the nose tip. Some decrease in the
amplitude of the freestream perturbation has been noted in previous
measurements in a different facility [36,50]. This decrease was up to
25–30%over the distance of 28mmatM � 3.5 [36]. Regardless, this
difference in streamwise distance between the nose tip and the
location of the laser perturbation means that the sharp flared cone
should experience a perturbation that is 25–30% larger in amplitude
than the blunt flared cone.
Different Reynolds numbers were chosen for each nose tip to keep

the natural second-mode instabilities as linear as possible along the
length of the cone before introducing the freestream laser perturbation.
InFig. 12, no harmonic for the secondmodewas observed in the power
spectra of measurements taken at the last measurement station for
either nose tip when there was no freestream laser perturbation.
However, the addition of a centerline laser perturbation on the sharp
cone generated a wave packet that contains both the second mode and
its harmonic frequency. In contrast, the centerline laser perturbation
ahead of the blunt cone generated awave packet thatmay become only
weakly nonlinear by the most downstream measurement station. The
generated wave packets on the sharp flared cone are fairly nonlinear at
even the most upstream measurement station (Fig. 7b), whereas they
are not for the blunt cone (Fig. 6b). Previous measurements have
shown that the nonlinear growth region on the sharp flared cone could
be very long, and so the fact that the wave packet remained nonlinear
for the full length of the measurement region is not surprising [24,33].
The fact that the unit Reynolds number of the data on the sharp flared
cone is 25% lower than the unit Reynolds number for the blunt flared
cone may help to explain why the wave packet did not break down on
the sharp flared cone. Matching the state of the natural boundary-layer
instabilities on the flared cone may not be the correct way to compare
the effects of nose bluntness for this experiment.
It is not clear why the amplitude of the wave packet on the sharp

flared cone is not larger than on the blunt nose tip. It may be that the
state of the initial disturbance in the boundary layer was different for
each nose tip. The expected higher receptivity of the sharp nose tip
caused the generated wave packet to be large-amplitude and nonlinear
by the first measurement station when the laser perturbation was
aligned to the cone centerline. The same configuration for the
blunt cone created a much smaller-amplitude, linear wave packet,
as expected. However, the 3-mm-offset perturbation on the blunt cone
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Fig. 12 Comparison of the power spectral density of measurements on

the 0deg ray at the last azimuthal sensor stationwith configurations of the

freestream laser perturbation.
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generated a turbulent spot at the first measurement station (Fig. 10b),
which indicates that the initial disturbance on the blunt flared cone
was even larger for this configuration than it was for the sharp cone.
Although the initial disturbance that generated thewave packet should
be smaller on the blunt flared cone, it is possible that the effective
amplitude of the perturbation becomes larger as it is shifted off of the
centerline. Thus, a larger wave packet is created in the boundary layer
of the blunt flared cone. Conversely, the laser perturbation on the
centerline on the sharp flared cone generated a large, nonlinear wave
packet, and sousing themovement of the perturbation off-axis to create
these same changes in effective amplitude may not have asmuch of an
effect.
The off-axis disturbance may also be processed differently by the

blunt flared cone than by the sharp flared cone. The shock in front of
the blunt flared cone has a larger radius of curvature than the shock in
front of the sharp flared cone. As a result, the entropy layer of the
blunt flared cone may have some effect on the direction and
magnitude of the disturbance as it enters the boundary layer. Without
further measurements or computations of how this perturbation is
processed by the flow around the flared cone, it is difficult to
determine why the wave packets are larger on the blunt flared cone
than on the sharp flared conewhen the perturbation is generated off of
the centerline axis.

V. Conclusions

These measurements show the azimuthal variation of a boundary-
layer instability generated by a discrete freestream disturbance in
a quiet tunnel. Measurements of the azimuthal variation of the
boundary-layer instability on a flared cone were made with surface-
mounted fast pressure transducers. The measurement of the
azimuthal variation of the boundary-layer instabilities on a flared
cone shows the uniformity, or lack thereof, in the generation of these
wave packets. For a discrete freestream perturbation generated on the
centerline axis of the tunnel, the effect on the boundary layer was
fairly uniform around the azimuth. The confirmation of this effect is
useful for assuming axisymmetry in complementary computations in
that it allows for the reduction in dimensions.
The effect of the freestream laser perturbation on the nose tips

changes with the bluntness. The wave packets generated by this
disturbance on the sharp flared cone appeared to be large and
nonlinear but never broke down to turbulence. The wave packets
generated by the laser perturbation on the blunt flared cone appeared
to be small and grew to larger amplitude. In some cases, the wave
packets even became turbulent on the blunt flared cone, whereas the
wave packets on the sharp flared cone remained nonlinearly
saturated.
The blunt nose tip appears to be more sensitive to the alignment of

the freestream perturbation to the centerline axis of the flared cone.
Thus, it may be insufficient to know only the magnitude and
frequency content of freestream disturbances, especially if some of
these disturbances are discrete (e.g., entropy spots, particles). The
geometry of the perturbation may be important, especially for blunt
axisymmetric bodies. Slight modification of the position of the
freestream perturbation relative to the centerline axis of the blunt
flared cone appeared to change the amplitude of the instability wave
packet on the ray toward which the perturbation was positioned.
Similar effects of the offset perturbation are not observed on the sharp
flared cone, indicating that the blunter body has a greater sensitivity
to the position of the discrete freestream perturbation.
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