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Non-intrusive pressure-sensor measurements were made in the wake of a 10.2-mm cylin-

drical roughness in the laminar nozzle-wall boundary layer of the BAM6QT. The existence

of an instability near 21 kHz within the wake was verified. A second instability near 40–

60 kHz appears to occur at lower Reynolds numbers, and its frequency varies greatly with

Reynolds number. Roughness dots were placed on a 3-m-circular-arc flared cone with a

nearly sharp nosetip in an attempt to control streamwise vorticity. This streamwise vortic-

ity is likely to be caused by an interaction between Görtler vortices and second mode waves.

Roughness dots placed upstream of the temperature-sensitive paint showed no effect on

the spacing of the vortices. Roughness dots placed directly on the temperature-sensitive

paint altered the azimuthal spacing of the vortices to match that of the roughness dots.

In an effort to investigate the effect of surface roughness on the crossflow instability, a

7-deg. half-angle cone was tested at 6-deg. angle of attack with temperature-sensitive

paint. The average distributed surface roughness of the nosetip was varied by an order

of magnitude. This did not have a significant effect on the crossflow instability, probably

because of the residual forward-facing step at the leadinge edge of the paint. Heat-transfer

measurements were made at the stagnation point of a hemispherical model to observe the

effect of freestream noise; no effect was evident. The quiet nozzle throat was opened twice

in April, after which a much-reduced maximum quiet pressure was observed. The throat

is being recleaned and repolished in an effort to restore previous performance.

Nomenclature

α thermal diffusivity
cp specific heat capacity
δ boundary layer thickness
D diameter (in.)
f frequency (kHz)
k roughness height
H Enthalpy
M Mach number
N integrated amplification factor
n azimuthal spacing
p pressure (psia)
ρ density
q̇ heat flux
Re Reynolds number
St Stanton number
T Temperature (◦C or K)

t time (seconds)
u velocity
µ viscosity
x cone axial coordinate (m or cm)
y cone spanwise coordinate (m or cm)
z tunnel axial coordinate (in.)

Subscripts

0 stagnation condition
∞ freestream condition
D based on diameter
e edge condition
k based on roughness height
i initial condition
w wall condition
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Superscripts
′ fluctuations

Abbreviations

BAM6QT Boeing/AFOSR Mach 6 Quiet Tunnel
PSD Power Spectral Density
TSP Temperature-Sensitive Paint

I. Introduction

Laminar-turbulent transition in hypersonic boundary layers is important for prediction and control of
heat transfer, skin friction, and other boundary layer properties. Vehicles that spend extended periods
at hypersonic speeds may be critically affected by the uncertainties in transition prediction, depending on
their Reynolds numbers. However, the mechanisms leading to transition are still poorly understood, even in
low-noise environments.

Over the past 50 years, many transition experiments have been conducted in conventional ground test
facilities.1 However, these experiments are contaminated by noise radiating from the turbulent boundary
layer typically present on the walls of the wind tunnel.2 These noise levels (defined as root-mean-square
of the pitot pressure fluctuations normalized by the stagnation pressure) are around 0.5-4% and an order
of magnitude larger than seen under flight conditions.3, 4 These high noise levels can cause boundary layer
transition to occur an order of magnitude earlier than in flight.2, 4 In addition, the mechanisms of tran-
sition operational in small-disturbance environments can be changed or bypassed altogether in high-noise
environments; these changes in the mechanisms change the parametric trends in transition.3 Therefore
mechanism-based prediction methods must be developed and supported in part with measurements of these
mechanisms in quiet environments.

I.A. The Boeing/AFOSR Mach-6 Quiet Tunnel

The Boeing/AFOSR Mach-6 Quiet Tunnel (BAM6QT) is presently the larger of two operational hypersonic
quiet tunnels. It is designed as a Ludweig tube to minimize cost and provide high-Reynolds number quiet
flow. A Ludweig tube is a long pipe with a converging-diverging nozzle on the end, from which flow exits
into the nozzle, test section and a second throat (shown in Figure 1). To initiate Mach 6 flow, a diaphragm
downstream of the test section is burst, causing an expansion wave to travel upstream through the test
section into the driver tube. This expansion wave reflects between the upstream end of the driver tube and
the contraction. A sufficient vacuum can extend the useful run time to many cycles of this expansion wave
reflection (one cycle lasts roughly 200 milliseconds), where the stagnation pressure drops quasi-statically.

Figure 1. Schematic of Boeing/AFOSR Mach-6 Quiet Tunnel

The BAM6QT is capable of producing low noise levels on the order of 0.05% and employs several features
to achieve this. A suction slot is present upstream of the throat and removes the boundary layer on the
contraction wall, allowing a new undisturbed laminar boundary layer to grow on the nozzle wall. This suction
slot is connected to the vacuum tank through a fast valve. This fast valve can be closed to produce noise
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levels on the order of 3%, similar to conventional hypersonic tunnels. The tunnel also features a long nozzle
designed to reduce the growth of Görtler vortices, a highly polished throat and nozzle, and high-quality air
filters to reduce air-borne particulate in the tunnel.

II. Non-Intrusive Instability Measurements in the Wake of a 10.2-mm

Cylindrical Roughness

II.A. Introduction

Among the many factors that can influence hypersonic transition is surface roughness. Roughness on the
surface of a reentry vehicle can cause early transition and higher heating in flight.5 Research is needed to
determine if a naturally-occurring roughness will cause transition during reentry, or to determine the largest
roughness that will begin to affect the natural transition location. Ideally, the growth of roughness-induced
instabilities would be used to predict the location of transition.6 A semi-empirical transition prediction
method such as the eN method might be used to reduce uncertainty in the location of transition induced by
isolated roughness on hypersonic vehicles. However, these computational methods must be developed and
validated with experimental measurements.

Measurements of an instability in the wake of a cylindrical roughness element have been made in the
laminar nozzle-wall boundary layer of the Boeing/AFOSR Mach-6 Quiet Tunnel.7–9 The instability was
detected at a frequency near 21 kHz. This is believed to be the first detection of a roughness-induced
instability at hypersonic speeds. Until now, stray effects that could cause an apparent instability were not
fully ruled out. The largest concern remained a complicated shock/boundary-layer interaction caused by
the hot-wire and pitot probes. To verify that the instability was real, non-intrusive flow measurements were
taken and are reported here.

II.B. Non-Intrusive Pressure Measurements in the Roughness Wake

Non-intrusive measurements using flush-mounted pressure transducers on the nozzle wall were made at
conditions similar to those used in previous measurements of the instability.9 The pressure sensors were
installed in inserts along the nozzle wall of the Mach-6 Quiet Tunnel, within the wake of the roughness.
When operating with a laminar boundary layer on the nozzle wall, evidence of the previously-observed
instability near 21 kHz was seen, as well as a new instability that occurs at lower Reynolds numbers.

II.B.1. Apparatus for Pressure-Sensor Measurements

Figure 2(a) shows the small window insert with the cylindrical roughness element.9 A 5.97-mm-diameter
micrometer head was used as a roughness element. For these measurements, the adjustable height of the
roughness was left at a constant 10.2 mm. The micrometer was installed in a small circular insert at a
tunnel axial coordinate of z = 75.749 in. Because all measurements are taken on the tunnel centerline,
various inserts allow the spanwise position of the roughness to be changed between 0.0, 0.5, 1.0, 1.5, and 2.0
diameters off the tunnel center plane.

The window insert containing the roughness was modified in order to mount pressure sensors. A second
circular insert was installed on the downstream end of the window (Figure 2(a)). The second circular insert
contains five locations for mounting pressure sensors (three on the tunnel centerline and two off the tunnel
centerline). Another insert containing pressure sensors was installed in the slot normally used by the traverse
system for inserting probes into the tunnel.

All inserts were installed on the upper wall of the nozzle. Figure 2(b) shows a photograph of the entire
apparatus, looking upstream through the end of the nozzle. The roughness is visible as a thin white line
near the upstream end of the photograph. In this photograph, the roughness was placed two diameters off
the tunnel centerline. Pressure sensors were mounted in both the circular insert as well as the traverse slot
insert, and all sensors were installed on the tunnel centerline. A hot-film array was installed on the side wall
of the nozzle and was used during each run to verify that the incoming boundary layer was laminar. Because
the hot-film array was offset 90° from the roughness, it was not expected to interfere with the measurements.

Two types of pressure transducers were used: Kulite XCQ-062-15A and PCB 132A31. The Kulite XCQ-
062-15A is a piezoelectric sensor with a 0.066-in. diameter, range of 0–15 psia, and a resonance frequency
near 300 kHz. The Kulites are DC sensors, so both mean and fluctuation levels can be recorded. Both A-
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and B-screens were used on the sensors. The A-screen has a flat dynamic response up to 30–40% of the
resonance frequency while the B-screen response is flat only to 20% of the resonance frequency.10 Further
testing is needed to characterize the exact frequency response of these sensors. The PCB 132A31 has a
resonance frequency above 1 MHz, with a minimum cutoff at 11 kHz. Thus, the PCB does not record mean
pressure. The PCB has a larger diameter of 0.125 in. A summary of the installed sensors appears in Table 1.
Unfortunately, the PCB at z = 80.29 in. suffered from leakage and was removed after only one run. All
sensors were sampled using Tektronix oscilloscopes in High-Res mode at 2.0 MHz.

(a) Small window with roughness and pressure sensors (b) View looking upstream through nozzle

Figure 2. Window insert and photograph of the apparatus, looking upstream through the end of the nozzle. All
pressure sensors were installed in inserts on the tunnel centerline. The roughness was moved off the tunnel centerline
in order to make measurements off the center of the wake.

Table 1. Summary of sensors installed on the tunnel centerline. The PCB 132A31 at z = 80.29 in. was removed after
one run due to leaking problems. The roughness was located at z = 75.749 in.

Tunnel Axial Diameters Downstream Sensor Screen Insert

Location, z (in.) from Roughness Edge Type

80.29 18.8 PCB - Circular

80.89 21.4 Kulite B Circular

90.64 62.8 Kulite B Traverse Slot

93.64 75.6 Kulite A Traverse Slot

97.64 92.6 Kulite A Traverse Slot

II.B.2. Flow Conditions

Three Reynolds numbers were chosen for comparison to computations being performed at the University of
Minnesota.11 A summary of the three flow conditions appears in Table 2. Each run began at a different
initial stagnation pressure (p0,i) and a stagnation temperature of 433 K. All data appearing here were taken
from t =1.0–1.2 s during the run, at which the stagnation pressure (p0) is slightly lower than the initial
value. Properties for the incoming laminar boundary layer were calculated using the Harris code.12 Me is
the edge Mach number, Re∞ is the freestream unit Reynolds number, k is the roughness height, δ is the
boundary-layer thickness (defined as 99.5% of the freestream velocity), and Rek is the Reynolds number
based on roughness height k and conditions in the undisturbed laminar boundary layer at the height k.
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Table 2. Test conditions.

Description p0,i (psia) p0 (psia) Me Re∞ (/ft) k/δ Rek

High Re 90 84 5.93 2.00 × 106 1.16 65,000

Mid Re 75 70 5.93 1.65 × 106 1.06 50,000

Low Re 64 60 5.93 1.40 × 106 0.98 30,000

II.B.3. Pressure-Fluctuation Amplitudes Remain Uncertain

Both the A-screen and B-screen Kulites were calibrated at low pressures between 0.03–0.40 psia while
installed in the tunnel. However, at higher frequencies the amplitudes of the pressure fluctuations were
different between the A-screen and B-screen sensors. To illustrate the difference, tests were performed with
both a laminar and turbulent nozzle-wall boundary layer, with no roughness installed in the tunnel. These
tests are similar to those by Beresh et al.10 in a supersonic turbulent boundary layer. For these smooth-wall
tests, Figure 3 shows a power spectral density plot of both A- and B-screen Kulites at various locations
under laminar and turbulent flow. The large peaks near 300 kHz are from sensor resonance. Under laminar
flow, the sensors are not excited and the amplitudes agree reasonably well except near 0.5–3.0 kHz. However,
when the sensors are excited under turbulent flow the B-screen amplitudes begin to roll off at a frequency
near 5–10 kHz. This is much lower than expected. The A-screen frequency response remains flat up to
50 kHz. The sensors exhibit response up to 100 kHz, but the actual amplitudes remain uncertain. The PCB
amplitudes also remain uncertain, as the factory calibrations were used.
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Figure 3. Smooth-wall spectra of both A- and B-screen Kulites, measuring laminar and turbulent boundary layers.
The A-screen exhibits flat frequency response to 50 kHz while the B-screen rolls off near 5–10 kHz.

II.B.4. Instability near 21 kHz Verified on both Kulite and PCB Sensors

An initial test was performed to verify the existence of the instability near 21 kHz, observed previously with
a probe intruding into the flow.9 In the test, the pressure sensors were measuring 2.0 diameters off the
wake centerline. No probe was present in the flow and the sensors were flush to the nozzle wall. A PCB
and B-screen Kulite were used at similar locations (19 and 21 diameters downstream, respectively). The
flow conditions were near the “High Reynolds number” case, similar to the conditions where the 21-kHz
instability was observed before.

Figure 4 shows mean-square spectra of the pressure fluctuations at the wall. The frequency spacing for
this and all mean-square spectra in this section was 0.25 kHz. The pressure-fluctuation amplitudes were
nondimensionalized by the mean pressure at the wall. Both the Kulite and PCB show a large peak at
22 kHz. This peak is the instability that has been observed previously using hot-wire and pitot probes.
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Several harmonics are also seen. The detection of the instability with non-intrusive flow measurement
techniques confirms its existence. However, the amplitudes of the fluctuations differ between sensors by an
order of magnitude, for unknown reasons. The PCB factory calibration was used, and the mean pressure
from the Kulite was used to nondimensionalize both pressure-fluctuation amplitudes. The Kulite has a
B-screen, which may have significantly lowered the fluctuation levels above 5–10 kHz.
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Figure 4. Detection of the 21-kHz instability in the absence of a probe in the flow. The amplitudes differ by an order of
magnitude for unknown reasons. Several harmonics are seen in the spectra. Pressure fluctuations nondimensionalized
by the mean pressure, as measured experimentally by the Kulite.

II.B.5. High Reynolds Number Case: Instability near 21 kHz Breaks Down Closer to Roughness

The PCB was removed after one run due to leaking problems and the four Kulites were used to examine
the wake of the roughness. At the High Reynolds number, the 21-kHz instability was observed only on the
closest sensor (21 diameters downstream from the roughness). The three downstream sensors showed fully
turbulent flow. Mean-squared spectra of the sensors at various spanwise positions in the wake are shown
in Figure 5, along with smooth-wall laminar and turbulent spectra. At 21 diameters downstream, the flow
is turbulent with a large peak near 21 kHz and several harmonics. The peaks are strongest off the wake
centerline (Figure 6). At the second sensor and beyond, the flow appears to be fully turbulent and the
instability peaks disappear (Figure 5(b)).

II.B.6. Middle Reynolds Number Case: Flow Breaks Down over a Longer Distance

Spectra at the middle Reynolds number are shown in Figure 7 for the three sensors closest to the roughness.
At 21 diameters downstream of the roughness, the fluctuation amplitudes are lower overall than at the high
Reynolds number. The instability near 21 kHz is still visible with multiple harmonics. Farther downstream,
the flow appears transitional with additional peaks that may be other instabilities. At the third sensor
(76 diameters downstream), the flow appears fully turbulent. The shape of the turbulent spectra, as well
as the fluctuation amplitudes, are different for the third sensor because the A-screen was used instead of
the B-screen. The flow develops and transitions over a longer area than at the higher Reynolds number, as
would be expected.

II.B.7. Low Reynolds Number Case: New Instability near 40–60 kHz Seen and Flow Breaks Down over

Range of All Sensors

At the lowest Reynolds number, the instability near 21 kHz is not seen (Figure 8). Instead, a new instability
appears at a higher frequency of 40–60 kHz. The flow is more laminar nearer to the roughness and the
transition process appears to occur over the length of all four sensors. At 21 and 63 diameters downstream,
a narrow instability peak is seen near 55 kHz in a nearly-laminar wake. At 76 diameters downstream the
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(a) 21D Downstream (Kulite B Screen)
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Figure 5. High Reynolds number case. The instability near 21 kHz was observed only at the closest sensor. Farther
downstream, the flow was turbulent. Legend denotes the number of spanwise diameters (D) off the wake centerline.
Pressure fluctuations nondimensionalized by the mean pressure at the wall. Smooth-wall laminar and turbulent traces
are shown for comparison.

0 0.5 1 1.5 2
0.2

0.3

0.4

0.5

0.6

0.7

0.8

Diameters from Wake Centerline

R
M

S
/M

ea
n,

 %
 (

19
−

25
 k

H
z)

 

 

21D Downstream

Figure 6. Spanwise strength of the fluctuations from 19–25 kHz, calculated by integrating the area under the power
spectrum and nondimensionalized by the mean pressure.
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(a) 21D Downstream (Kulite B Screen)
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(b) 63D Downstream (Kulite B Screen)
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Figure 7. Middle Reynolds number case. The flow breaks down over a longer distance, but the instability near 21 kHz
is still seen. Legend denotes the number of spanwise diameters (D) off the wake centerline. Pressure fluctuations nondi-
mensionalized by the mean pressure at the wall. Smooth-wall laminar and turbulent traces are shown for comparison.
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wake becomes transitional with higher fluctuation levels. In addition, the 55-kHz peak begins to broaden.
At 93 diameters downstream the flow is near fully turbulent. The frequency of the new instability was not
observed to change significantly with downstream distance. It is possible that an entirely different type of
instability is responsible for transition when the roughness is “submerged” within the boundary layer.

Unlike the 21-kHz instability, this new instability appears to be highly dependent on Reynolds number.
Figure 9(a) shows spectra from the closest sensor during a single run with p0,i = 64 psia, measuring 2.0
diameters off the wake centerline. Each spectra is from a different time during the run, corresponding
to a different Reynolds number. The peak frequency decreases roughly 20–25% as the freestream unit
Reynolds number decreases by 10%. The instability frequency has been observed to vary almost linearly
with freestream Reynolds number over a small range. Figure 9(b) shows the instability frequency versus
Reynolds number for several runs with different initial stagnation pressures. The measurements were taken
at various positions within the wake using both wall sensors and a pitot probe. The frequencies are close
between different runs, but do not match up exactly. Several assumptions made when calculating Reynolds
number could cause this difference (mainly the viscosity).
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(a) 21D Downstream (Kulite B Screen)

0 20 40 60 80 100
10

−4

10
−3

10
−2

Frequency, kHz

N
on

di
m

en
si

on
al

 P
re

ss
ur

e 
F

lu
ct

ua
tio

ns

 

 

0.0D
0.5D
1.0D
1.5D
2.0D
Laminar
Turbulent

(b) 63D Downstream (Kulite B Screen)
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(c) 76D Downstream (Kulite A Screen)
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Figure 8. Low Reynolds number case. Legend denotes the number of spanwise diameters (D) off the wake centerline.
Pressure fluctuations nondimensionalized by the mean pressure at the wall. Smooth-wall laminar and turbulent traces
are shown for comparison.

II.C. Summary

Efforts are ongoing to make detailed measurements of instabilities within the wake of a cylindrical rough-
ness in the laminar nozzle-wall boundary of the BAM6QT. Non-intrusive measurements have verified the
instability near 21 kHz previously reported in References 7–9. This is the first measurement of an instability
behind an isolated roughness in a laminar boundary layer at hypersonic speeds. The measurements were
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Figure 9. Frequency-dependency of the higher-frequency instability near the “Low Reynolds number” condition.

made with flush-mounted wall pressure sensors; however, the fluctuation amplitudes of the sensors still need
improved calibrations.

Measurements in the wake of a 10.2-mm roughness were made at three different Reynolds numbers. It
appears that two separate types of instabilities were detected:

1. The first instability near 21 kHz occurs at Rek near 50,000–70,000 and k/δ ≈ 1.1–1.2. This instability
breaks down less than 20 diameters downstream of the roughness and requires more instrumentation
closer to the roughness. Its frequency varies only slightly with freestream Reynolds number.9

2. The second instability occurs at higher frequencies of 40–60 kHz. Its frequency appears to vary greatly
with freestream Reynolds number. The second instability occurs at Rek near 20,000–30,000 and k/δ ≈
0.9–1.0. This instability breaks down farther from the roughness (greater than 60 diameters down-
stream) and would require additional instrumentation farther from the roughness.

Future work will involve characterizing the Reynolds number ranges for which each type of instability
appears. Both the roughness height and freestream Reynolds number can be changed in future experiments.
A new insert could be manufactured with pressure sensors at more locations. Because each case needs to
be instrumented differently, it should be decided which type of instability is more applicable to real design
problems. Computations should then be performed by others for the most desired case, and compared to
detailed measurements with wall sensors and probes.

III. Effect of Tunnel Noise on Laminar Stagnation-Point Heating at Mach 6

III.A. Background

For hypersonic flight vehicles, thermal management is a dominant design concern. Several studies on blunt
re-entry vehicles have found increases in heating near the stagnation region that are not predicted by com-
putational analyses. This heating augmentation has been seen in a number of facilities over a wide range
of test conditions [13,14,15]. One potential cause of this stagnation-region heating augmentation is tunnel
noise. In order to characterize the effect of tunnel noise, heat-flux measurements were made for similar blunt
geometries in quiet and noisy conditions using the unique features of the BAM6QT.

III.B. Models and Experimental Setup

Three 15-5 H1100 stainless-steel models were provided by AEDC Tunnel 9 for testing in the BAM6QT.
A 1.414-in.-diameter calibration hemisphere was fitted with seven 0.125-in.-diameter Schmidt-Boelter heat-
flux gages on a centerline at intervals of 30◦, with one at the stagnation point. A second, 1.5-in.-diameter
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hemisphere was fitted with seven 0.0625-in.-diameter type-E coaxial thermocouples. The smaller-diameter
coaxial thermocouples provide higher spatial resolution than the larger Schmidt-Boelter gages. A beaded
thermocouple was attached to the inside surface for base temperature measurements. Comparisons were
made between the different measurement techniques used for each hemisphere.

Tests were also conducted using a 1.5-in.-diameter model of the CEV forebody heat shield (Figure 10).
Seven 0.03125-in.-diameter type-E coaxial thermocouples were mounted along a centerline. The smaller
thermocouples were used for the CEV model to enable increased spatial resolution for studies of the laminar
heating augmentation effect. Since the stagnation region is of particular interest, five of the thermocouples
were positioned within x

R = ±0.25 of the stagnation point, where R is the model radius and x is the distance
from the model’s geometric center.

Figure 10. Cutaway of the 1.5-in., 15-5 stainless-steel model of the CEV forebody heat shield. Dimensions in inches.

Figure 11. Coaxial-thermocouple hemisphere, CEV forebody, and Schmidt-Boelter hemisphere (from left to right)

Stagnation point sensors were amplified by a gain of 100 and low-pass filtered at 30 Hz prior to acquisition
using a Stanford Research Systems SR560 Low-Noise Preamplifier. The stagnation pressure during each run
was obtained using an XTEL-190-200A Kulite pressure transducer mounted at the entrance to the tunnel
contraction. Stagnation temperature is found using hot-wire techniques with a constant-current anemometer
(CCA). The hot wire was positioned in the free-stream flow 2 inches above the model, at the same axial
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location as the model stagnation point. An uncalibrated Senflex hot-film array mounted on the nozzle wall
was used as a qualitative measure of flow quality. Data were recorded using two model DPO7054, a TDS7104,
and a TDS5034B Tektronix digital oscilloscope. Data for all thermal sensors were sampled at 5 kHz for 10 sec
per run in high-resolution mode.

III.C. Computational Methods

III.C.1. Numerical Heat Equation Solver

While Schmidt-Boelter gages are able to make direct measurements of heat flux, additional steps must be
taken to obtain heat-transfer rates from thermocouple temperature data. The one-dimensional, unsteady
heat conduction equation in spherical coordinates, given in Eq. 1, is solved numerically using the AEDC
Matlab code, QCALC96.

1

α

∂T

∂t
=

1

r

∂T

∂r
+

∂2T

∂r2
(1)

Thermal diffusivity, α = k/ρcp, is dependent on the thermal conductivity, k, density, ρ, and the specific heat
capacity, cp, of the wall material. A wall temperature gradient is found and used along with Fourier’s law
to find the wall heat flux.

The code uses temperature and time vector input arguments in a second-order, Euler-explicit finite
difference approximation of a homogeneous, finite-thickness slab. This code is a modified version of the
original QCALC Fortran code, developed by Boyd and Howell.16 Uniform initial temperature is assumed
throughout the slab, with the front-face boundary condition measured by a coaxial thermocouple. The back-
face boundary can either be measured by a surface-mounted beaded thermocouple or be assumed adiabatic.
In general the adiabatic assumption is used, as heating due to the increase in back-face temperature during
a run was found to be insignificant. The finite difference method utilizes evenly spaced nodes through the
thickness of the model wall. The number of nodes is determined by a stability parameter based on the
size of the input time vector and material properties. The spatial loop is nested within a time loop, which
updates and stores nodal temperatures for use in the second-order finite difference method to acquire the
wall temperature gradient.

Temperature-dependent functions are used for thermal conductivity and specific heat of the wall material.
Though it would be expected that Chromel thermal properties be used for thermocouple data, Coblish found
the best agreement for a 15-5 stainless steel model fitted with Type-E coaxial thermocouples by using 17-4
stainless steel properties.17 Material properties are taken from References 18 and 19.

III.D. Heating Measurements in Quiet and Noisy Flow

Stagnation-point heating measurements with coaxial thermocouples are presented in Figure 12 for noisy and
quiet flow. Initial unit Reynolds number for the quiet run is 3.12×106/ft, with T0,i = 160 ◦C, p0,i = 144 psia,
and initial wall temperature, Tw,i = 30 ◦C. Initial unit Reynolds number for the noisy run is 3.16 × 106/ft,
with T0,i = 160 ◦C, P0,i = 132 psia, and Tw,i = 27 ◦C. At such low Reynolds numbers, the boundary layer
over the model face is assumed to be entirely laminar. Initial Reynolds numbers are matched between quiet
and noisy runs. Most of the thermocouple data were obtained near an initial unit Reynolds number of
3.15 × 106/ft, as this was near the maximum pressure at which clean, quiet flow could be achieved.

Measured heating is compared to predictions computed using an axisymmetric stagnation-point simi-
larity equation solver, CBLSS. This program takes inputs of Mach number, stagnation pressure, stagnation
temperature, model-wall temperature, and nose radius and outputs a predicted heating based on a similarity
solution. Details for the computational method are available in Reference 20. CBLSS calculations are shown
alongside experimental results in Figure 12. Theoretical slopes match those of the heating data, but compu-
tations are 2-7% higher than experimental data. Over the full range of test conditions for the thermocouple
hemisphere, computed heating rates are 2-10% higher than measured heating rates.

Lower heating is to be expected from thermocouple measurements due to three-dimensional heating effects
not accounted for in the one-dimensional QCALC96 heating model. An ANSYS analysis of radial heating was
conducted to determine expected losses in heating from the stagnation point of a hemisphere due to radial
conduction. Two-dimensional heat conduction was modeled for a hemisphere by using a theoretical surface
heating distribution normalized by the Fay-Riddell stagnation-point value. The analysis revealed about a

12 of 33

American Institute of Aeronautics and Astronautics



Run time (sec)

H
ea

tT
ra

ns
fe

r
R

at
e

(B
T

U
/ft

2 -s
ec

)

0 0.5 1 1.5 2 2.5 3 3.5 4

-2

0

2

4

6

8

Re∞,i = 3.12 x 106/ft, quiet
Re∞,i = 3.16 x 106/ft, noisy
Theoretical, quiet
Theoretical, noisy

Figure 12. Comparison of stagnation heat-flux and computation time histories for the thermocouple hemisphere

7− 10% heating loss at the stagnation point due to radial conduction. Similar heating losses were found for
the same hemisphere radius regardless of the input heating level.21

Runs begin with a brief heating impulse during tunnel startup, seen as the spike near t = 0 sec. The
quiet run ends after about 6 sec with an abrupt jump in heating due to the complex shock environment
during shutdown. The noisy run ends later, after about 9 − 10 sec. The decrease in stagnation pressure is
faster in quiet flow due to higher mass flux from bleed-slot suction, hence a shorter run duration than in
noisy flow. This also results in a larger Reynolds number range in a quiet-flow run for the same amount of
run time.

The non-dimensional Stanton number, St, and Reynolds number based on nose diameter, Re∞,D, are
therefore used for comparisons of quiet and noisy data. Since the change in Stanton number is nominally
proportional to 1

/√
Rex in the flat-plate case, the parameter given in Eq. 2 is roughly constant.22

St × (Re∞,D)1/2 =
q̇

ρ∞u∞ (H0 − hw)

(

ρ∞u∞D

µ∞

)1/2

(2)

H0 − hw =

(

cpT∞ +
u2
∞

2

)

− cpTw

where q̇ is the heat flux, ρ∞ is the free-stream density, u∞ is the free-stream velocity, µ∞ is the free-stream
dynamic viscosity, H0 and hw are the total and wall enthalpies, and cp is the specific heat of air.

Non-dimensional heating is shown along with CBLSS computations in Figure 13. The data appear nearly
constant over the Reynolds number range of the runs, with good agreement between the quiet and noisy
cases. Figure 14 provides a comparison of the quiet and noisy cases through ratios of measured to theoretical
Stanton parameters. The ratio of the experimental to theoretical Stanton parameter is shown as a function
of free-stream unit Reynolds number. Experimental values for both quiet and noisy conditions fall within
7% of CBLSS predictions. Variation in Stanton parameter ratio between quiet and noisy flow is within the
measurement accuracy, indicating no heating augmentation effect. Repeatability of results was found to be
within ±2.5%.
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III.D.1. Schmidt-Boelter Gage Hemisphere

Runs were conducted with the 1.414-in.-diameter hemisphere equipped with Schmidt-Boelter gages in quiet
and noisy flow for unit Reynolds numbers between 1.8 × 106 and 2.8 × 106/ft. Non-dimensional results are
shown in Figure 15(a) for runs near an initial stagnation pressure of 120 psi. While no data are presently
available at matched Reynolds numbers, measured heating levels appear to agree between quiet and noisy
conditions at matched initial stagnation pressures. Ratios of experimental to predicted Stanton parameter,
plotted in Figure 15(b), show that any dependence on noise is within the measurement error.
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Figure 15. (a) Stanton parameter for quiet and noisy runs near Re∞,i = 2.5 × 106/ft, (b) Ratios of Stanton parameter
for runs with the Schmidt-Boelter hemisphere

It should be noted that Schmidt-Boelter measurements agree more closely with computations than the
thermocouple data. This is expected since Schmidt-Boelter gages are direct heat-transfer transducers with
nominally flat sensing surfaces. Thus, they are not affected by errors associated with the one-dimensional
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heat equation solver and radial heat conduction. A comparison of Schmidt-Boelter and coaxial-thermocouple
data is shown in Figure 16. Data are normalized by model nose radius, RN , since stagnation-point heating
is proportional to 1/

√
RN . There is good agreement between the two sensing methods once thermocouple

data are corrected for the ∼ 7% heating loss due to radial conduction.
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Figure 16. Comparison of thermocouple and Schmidt-Boelter data

III.E. CEV Forebody Heat Shield

Quiet and noisy-flow heating data with the 1.5-in. CEV model were desired for a comparison to similar CEV
tests performed in AEDC Tunnel 9 and the NASA Langley 20-in. Mach-6 tunnel [13,23]. It is possible that
a heating augmentation effect may be evident on the CEV model and not the hemisphere due to the larger
subsonic region of the CEV. Several runs were conducted over a large range of Reynolds numbers, but the
model did not start in noisy flow. Additional permutations of tunnel conditions to start the model remain to
be tested. Measurements with a CEV model fitted with pressure instrumentation are needed to determine
when this blunter model can be started.

III.F. Measurement and Computational Uncertainty

The largest source of error in the coaxial-thermocouple measurements is the one-dimensional assumption in
the QCALC96 analysis. As previously mentioned, heating losses due to radial heat conduction result in an
uncertainty of up to ±10%. The thermal properties used for the one-dimensional heat equation solution are
an additional source of uncertainty. Since models are generally made from steel and type-E thermocouples
are constantan and chromel, it is difficult to define the exact material properties to be used in the heat-
flux analysis. Work at AEDC Tunnel 9 has determined that the combination of 17-4-H1150 stainless-steel
properties with a 15-5-H1100 stainless-steel model provides the most accurate heating results. A ±4%
uncertainty was found for these properties.17

Additional uncertainty is added by variations in free-stream conditions during runs in the BAM6QT.
While no in-depth study has yet been conducted of the uncertainties for free-stream conditions in the
BAM6QT, estimates are made here based on measurements performed. Scatter in pitot measurements used
to obtain Mach number gives an uncertainty of ±1.7%. Uncertainty due to cold-wire accuracy and end-loss
heating is ±4%. This gives an estimated free-stream condition uncertainty of ±4.3%. Overall uncertainty
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for the thermocouple hemisphere measurements, found as the root-square of the individual uncertainties, is
±11%.24

Nominal estimated heat-flux uncertainty for Schmidt-Boelter gages is ±5% of the measurement [25,21].
The additional tunnel-condition uncertainty in the BAM6QT of ±4.3% brings the overall uncertainty to
±6.5% for Schmidt-Boelter heating data.

While no direct validation has been performed for the CBLSS code, extensive testing has been done for the
Fay-Riddell correlation, which agrees closely with CBLSS. The velocity gradient formulation used in the Fay-
Riddell heat-flux calculation can result in uncertainties of up to ±10%. Good agreement with experiment,
about ±2%, has been found for the modified Newtonian formulation in other studies.26 The majority of the
computational uncertainty in applying the code to the BAM6QT arises from uncertainties in knowledge of
external flow properties. Small deviations in flow properties result in large deviations in computations.27 Air
properties from Lemmon’s algorithm are known within ±2% for the flow conditions in the BAM6QT, though a
conservative estimate of ±4% is used due to uncertainties in pressure and temperature measurements.28 This
results in uncertainties of ±0.5%, ±1.6%, and ±2% due to viscosity, specific heat, and thermal conductivity,
respectively. A conservative overall uncertainty for the CBLSS computations is therefore ±5%.

IV. Tunnel Performance

The performance of the BAM6QT degraded in May 2010. The maximum quiet pressure decreased
after the nozzle throat was opened to measure dimensions for a new throat. Previous maximum quiet and
maximum intermittently-quiet pressures were reported in January.29 Since April, the nozzle has been opened
multiple times for measurements, and the maximum quiet pressure has decreased. Before the nozzle was
opened, however, tests were run to determine characteristics of the airflow in the BAM6QT test section.

IV.A. Methods

An XCQ-062-15A Kulite pressure transducer was mounted into a pitot probe to measure the mean and
fluctuating pressures near the nozzle exit. The root-mean-square (RMS) of the pressure fluctuations indicate
the noise levels in the BAM6QT. High fluctuations due to sensor resonance could alter the RMS of the
total signal. For this reason, the RMS is calculated by integrating the power spectra of the fluctuations not
including the sensor resonance.

The power spectral densities are created by taking a 0.1-second segment of the measured pressure,
subtracting the mean, and using Blackman windowing with 500 points in each segment, 50% overlap of
each window, and averaging 1000 Fast-Fourier Transforms. The resonance frequency may vary by over 100
kHz for different sensors, and integrating to different frequency levels would cause additional discrepancies
in RMS levels. Kulite quotes their pressure transducers as trustworthy to a frequency response up to one
fifth their resonance frequency,30 which is typically between 200 and 350 kHz. For these reasons it has been
chosen to integrate all power spectra to 50 kHz. The square root of the integral gives the RMS, which is
normalized by the mean pressure to give the noise level of the BAM6QT. Since previous noise-calculation
measurements have been integrated to around 200 kHz, the current RMS levels are lower, on the order of
50%, of those reported in the past.

The DC-coupled voltage from the pressure transducer is used for all mean pressure values as well as for
RMS calculations with a turbulent nozzle-wall boundary layer. For a laminar nozzle-wall boundary layer
the fluctuations are much lower, and the AC-coupled voltage, amplified by an additional factor of 100, is
used for greater resolution and accuracy in calculating RMS. AC-coupled voltages cannot be used with a
turbulent nozzle-wall boundary layer because the amplifier clips.

Qualitative flow conditions can also be determined from a hot film array located on the nozzle wall.
The hot films are uncalibrated and cannot give quantitative results, but they are also non-intrusive and can
give information about flow characteristics (quiet, noisy, or separated) while a model is in the tunnel. RMS
calculations are taken from the more-accurate pressure-transducer pitot probe.

IV.B. Mapping the Extent and Quality of Quiet Flow

It has been stated that “the critical performance parameter for a quiet tunnel is the Reynolds number based
on freestream conditions and the length along the centerline of the region of uniform quiet flow ∆x”.31
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The effect of axial variations in tunnel noise was explored at NASA Langley Research Center after the
completion of the first successful quiet tunnel in 1984. Measurements were made on a sharp cone at two
different axial locations, and results showed that transition in the low-disturbance tunnels was dominated
by the local stream noise that was incident on the cone boundary layer near the nosetip.32 This report also
showed there was an axial variation in noise level in the nozzle, which resulted in a variation of transition
location on the cone model.

The BAM6QT research group previously defined quiet flow as airflow with pressure fluctuations less than
0.06% of the mean pressure.33 The maximum quiet pressure is the highest stagnation pressure at which there
is one full second of quiet flow that contains less than 1% turbulence or turbulent bursts, and the maximum
intermittently-quiet pressure has been defined as the highest stagnation pressure at which there is 0.1 seconds
of quiet flow.29 Before the past year, these two pressures were close enough in the BAM6QT that there was
little reason to distinguish between them, but it became necessary when shorter-duration segments of quiet
flow became seen at increasingly higher pressures.

Tests are being done in the BAM6QT to determine the size of the uniform quiet flow core and the
maximum Reynolds number at which quiet flow is achieved. The maximum stagnation pressure at which
quiet flow is achieved directly relates to the maximum quiet Reynolds number, though the maximum quiet
pressure is not always definite and consistent.

Additional tests are being done to determine the axial uniformity of the quiet flow in the BAM6QT.
Figure 17 shows RMS calculations from four quiet runs at the same initial stagnation pressure of 90 psia.
The pitot tube pressure transducer was placed at four different axial locations along the tunnel centerline.
z is defined as the axial distance downstream of the throat. From these comparisons it is evident that while
the first two seconds of each run consistently have low noise levels, after two seconds there is an increase in
noise. Here, the noise levels are still well within the definition of quiet flow, but further tests are being done
to determine the cause and trends of this increase, which is currently uncertain.
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Figure 17. RMS/mean calculations from Kulite pressure transducer pitot probe at four axial locations under quiet
flow along the tunnel centerline. Initial stagnation pressure was 90 psia.

IV.C. Effect of Suction Slot on Noise from Turbulent Nozzle-Wall Boundary Layer

It has been suggested that when the air is not suctioned over the bleed lip and a turbulent boundary layer is
generated by the bleed lip serving as a trip, the BAM6QT may be noisier than conventional wind tunnels.
To check the noise generated by the closed bleed slot, a Kulite pressure transducer pitot probe was run
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twice, above the BAM6QT maximum intermittently-quiet pressure, once with the bleed slot open and once
with the bleed slot closed. For these runs, the BAM6QT maximum intermittently-quiet pressure was near
160 psia. At high pressures above 200 psia, the nozzle-wall boundary layer is fully turbulent whether the
suction slot is open or closed. For these tests, the RMS noise levels were calculated for 0.1-second intervals
and normalized by the mean pressure. The results are shown in Figure 18(a), plotting RMS/mean against
the falling stagnation pressure.
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Figure 18. Kulite pressure transducer probe positioned at z=84.9 in. downstream of the throat along the centerline,
just upstream of the test section. The nozzle-wall boundary layer becomes intermittently quiet for the suction-slot-open
run at approximately 155 psia, and the run ends for the suction-slot-closed test at approximately 140 psia.

This suggests that any air circulating around the bleed lip under noisy flow has little to no effect on the
pressure fluctuations in the BAM6QT, since the noise levels are nearly the same for both cases. The noise
radiated from the turbulent boundary layer near the nozzle exit is apparently unaffected by the bleed slot 7
feet upstream. A comparison of the power spectral density for these two runs is also shown in Figure 18(b).
This plot shows that the power spectral densities for these two runs were nearly identical. These two spectra
were taken for the same time and stagnation pressure during each run.

IV.D. RMS levels vs. Stagnation Pressure for Noisy Flow

Previous measurements in the BAM6QT have suggested that there is a correlation between the noise level
and the stagnation pressure for a turbulent nozzle-wall boundary layer.34 To explore this, the BAM6QT was
run at different initial stagnation pressures with a pitot probe held at z = 93.6 inches downstream of the
throat on the tunnel centerline with the suction slot closed. The noise levels were calculated for 0.1-second
intervals and plotted versus their mean stagnation pressure, which decreases over the course of the run. The
results are shown in Figure 19.

The general trend in this figure suggests that under noisy flow, as stagnation pressure increases the
normalized tunnel noise decreases. This is similar to the results found by Laderman in Reference 35. However,
these three runs are over a limited range of initial stagnation pressures, and additional tests are being done
to determine if and how this trend continues at lower and higher pressures. It is likely that there are still
effects of time-dependence in these runs.

IV.E. Recent Operational Difficulties

A new stainless-steel nozzle is being manufactured for the BAM6QT which can withstand higher temper-
atures. To make sure this nozzle will fit properly, test pieces have been manufactured and tested on the
existing nozzle. Each round of tests has required opening the BAM6QT nozzle at the throat as well as
further downstream. Historically, each time the throat is opened and reclosed there is a variation in perfor-
mance.36,37
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Figure 19. Pitot RMS fluctuation levels normalized by the mean for 3 runs with the suction slot closed. Each color
and symbol represents a separate run. Stagnation pressure falls as time progresses.

The nozzle throat was opened in March for the first round of measurements. A few runs made before this
showed a maximum quiet pressure up to 159 psia, with one turbulent burst or less for the first two seconds of
run time. After the throat was opened and reclosed, the maximum intermittently-quiet pressure decreased
to 89.9 psia, but after 3 more runs it increased to 123 psia, and after about another 25 high-pressure runs,
it was restored to 149 psia. Additional runs showed high-pressure quiet runs with less turbulent bursts than
in February, with a maximum quiet pressure of 146 psia.

The nozzle throat was again opened and reclosed in May for additional measurements. After three runs
the maximum intermittently-quiet pressure was 92.2 psia, and after another 19 high-pressure runs it was still
at 92 psia. Additional runs have seen little change, and it was uncertain what could have been triggering
transition at this lower pressure. It was suspected that the bleed lip had not been properly cleaned before
closing, and so the nozzle throat was opened once more in June.

IV.F. Summary of Results

An axial dependence of noise levels for quiet flow has been seen in the BAM6QT, though noise levels at the
nozzle exit on the centerline are low enough to still be considered quiet. When the nozzle-wall boundary
layer is turbulent, the conventional noise levels are not affected by whether the bleed slot is opened or closed.
This suggests that with the bleeds closed the tunnel is nominally conventional. Measurements of the same
probe location with different initial stagnation pressures have shown a correlation between noise levels and
stagnation pressure for noisy flow.

V. Instability Measurements on a Circular-Arc Compression Cone

A 0.47-m-long, 3-m circular-arc flared cone with a 0.16-mm-radius nosetip was run in the BAM6QT to
study natural transition under fully quiet flow. This cone creates a very unstable boundary layer, in which
second-mode waves reach high amplification factors. The original design used a 0.45-m-long cone with 1-
mm-radius blunt nose tip with an initial angle of 2◦. This cone provided an N -factor of 13 at p0 = 140 psia,
but transition was not observed.7 Since a sharper nosetip is expected to provide larger amplitudes,38 a 0.16-
mm-radius nosetip was made. Amplification factors of up to N = 22 at a stagnation pressure of p0 = 150 psia
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are possible for this “nearly sharp” nosetip configuration.29

Experiments in October on the compression cone showed streamwise streaks which weaken and grow again
in quiet flow.29 After reviewing computations by Li,39 an experiment was designed to attempt to control
the spacing of the streamwise streaks. Roughness dots were to be placed at a location on the cone where the
streamwise streaks are expected to start growing, similar to the work done by Saric, et al.40 PCB 132A31
transducers were used to measure pressure fluctuations along the surface of the cone. Temperature-sensitive
paint was used to visualize the transition location and flow structures such as hot streaks from vortices.

V.A. Control of Streamwise Vorticity with Roughnesses

One of the proposed causes of the streamwise streaks is an interaction between Görtler vortices and second-
mode waves. Computations were made at NASA Langley by Li39 to determine the N -factors of the Görtler
instability along the surface of the compression cone for different azimuthal spacings of vortices. These
computations show that between an azimuthal spacing of n = 50 and n = 100, where n is the number of
vortices around the cone, the maximum N -factor of the Görtler vortices changes only by 1 out of a maximum
N = 5. This indicates a broad range of azimuthal spacings with similar amplification factors. Waves with an
azimuthal spacing of n = 100 start growing at a location of about x = 0.17 m and waves with an azimuthal
spacing of n = 50 start growing at a location of x = 0.10 m.

(a) Roughness dots spaced 4◦ apart
(n = 90) upstream of paint edge.

(b) Roughness dots spaced 8◦ apart
(n = 45) upstream of paint edge.

(c) Roughness dots spaced 4◦ apart
(n = 90) on surface of paint. Black
dots are permanent marker to indi-
cate where dots should be placed.

(d) Roughness dots spaced 8◦ apart
(n = 45) on surface of paint.

Figure 20. Roughness dots placed upstream and on paint edge.

Roughness dots, which were approximately hemispherical in shape and 180 µm high, as measured by
a dial indicator, were applied to the surface of the cone upstream of the paint edge (Figures 20(a), 20(b))
and on the edge of the painted surface (Figures 20(c), 20(d)). The roughness dots are small dots of nail
polish on the surface of the compression cone. Nail polish was used to facilitate removal and addition of dots
between runs. For an azimuthal spacing of n = 100, the Görtler waves start to grow at x = 0.17 m, where
the circumference of the cone is only 6.3 cm. The dots were applied at a position of x = 0.323 m, where the
circumference of the cone is 34 cm, due to a concern that the circumference of the cone may be too small
to successfully apply the roughness at an azimuthal spacing of n = 100. This means that the Görtler waves
will have grown to an amplification factor of N = 1.9 for azimuthal spacing n = 100 and to N = 3.2 for
n = 50 at this location. To control the spacing of the dots, the model was mounted in an angle indexer on
a mill and a permanent marker was used to mark the spacing of the dots, as shown in Figure 20(c). Due to
the limitations of the angle indexer used to apply the dots, only azimuthal spacings of n = 45 and n = 90
were possible.

V.B. Instrumentation

Five PCB 132A31 fast pressure transducers were installed at x = 0.23 m, 0.28 m, 0.33 m, 0.38 m, and 0.43 m.
These pressure transducers were used to measure second-mode wave growth along the length of the cone.
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A Medtherm Schmidt-Boelter heat-transfer gage with two built-in surface and body K-type thermocouples
was installed at x = 0.45 m. The heat transfer data will eventually aid in converting temperature-sensitive
paints data to quantitative heat-transfer measurements. A Dantec 55R47 hot film was installed at x = 0.46 m
about 15◦ away from the ray along which the PCBs and Schmidt-Boelter sensors were mounted. This hot-
film sensor is used to provide qualitative data on whether or not the flow has transitioned at the back of the
cone. The hot-film data will be presented at a later time.

Temperature-sensitive paints were also used in this experiment. Four coats of LustreKote white primer
and three coats of LustreKote “Jet White” paint were used as an insulating layer. Four coats of Ru(Bpy)
crystals mixed with automotive clear coat (Limco LC4000) were used as the temperature-sensitive paint. The
final thickness of the paint was about 150 µm, as measured with a Elcometer 456 coating thickness gauge.
Images were taken with a pco.1600 CCD camera using 2 × 2 binning and one analog-to-digital converter at
a frame rate of 27 Hz. The registration marks in the image are spaced 30◦ apart azimuthally and 2.54 cm
apart longitudinally. Images are processed by comparing a “flow on” image taken while the tunnel is running
with a “flow off” image, which is taken while the tunnel is pressurized, but there is no flow. This provides
a temperature change between when the flow is on versus when the flow is off. This image is qualitatively
proportional to the surface heat flux.

V.C. Experimental Results

V.C.1. TSP Measurements and Observation of Change in Hot Streaks

The first attempt at changing the spacing of the vortices was made by placing the roughness dots upstream
of the edge of the painted surface. For the case where no roughness dots are placed on the surface of the
cone, a set of streamwise streaks appears at x = 0.387 m in Figure 21(a). The temperature of this region
increases by about 8◦C, when compared to an image where there is no flow.
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(a) No roughness dots on surface of cone. p0 = 140.3 psia,
T0 = 151.4◦C.
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(b) Roughness dots spaced 8◦ apart azimuthally (n = 45).
p0 = 140.0 psia, T0 = 151.3◦C.
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(c) Roughness dots spaced 4◦ apart azimuthally (n = 90).
p0 = 139.2 psia, T0 = 152.9◦C.

Figure 21. Temperature-sensitive paints images with roughness dots placed upstream of the paint edge. Two
PCB 132A31 sensors are visible at x = 0.38 m and x = 0.43 m. A Schmidt-Boelter gage is visible at x = 0.45 m.
Flow is from left to right.

For the results shown in Figure 21(b), roughness dots were placed upstream of the temperature-sensitive
paint 8◦ apart, at an azimuthal spacing of n = 45, at a location of x = 0.321 m. Some slight changes in the
streak spacing are seen, particularly between x = 0.382 m and x = 0.415 m and y = 0.0 m and y = -0.02 m.
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It is unclear, however, whether or not the spacing of these vortices has matched the spacing of the roughness
dots. Figure 21(c) shows the results from placing roughness dots upstream of the paint spaced 4◦ apart, at
an azimuthal spacing of n = 90. There is again a definite change in the spacing of the streamwise streaks.
However, once again it is unclear whether the spacing has been changed to the same spacing as the roughness
dots. It is possible that the generation of the streamwise streaks is dominated by the step at the beginning
of the paint, rather than by the dots. To eliminate this step, a new cone may have to be constructed, where
the upstream portion of the frustum is 200 µm larger in radius than the downstream portion, assuming the
same paint thickness.
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(a) Roughness dots spaced 8◦ apart azimuthally (n = 45).
p0 = 141.8 psia, T0 = 150.1◦C
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(b) Roughness dots spaced 4◦ apart azimuthally (n = 90).
p0 = 138.8 psia, T0 = 155.1◦C

Figure 22. Temperature-sensitive paints images showing a difference in streak spacing based upon the change in spacing
of roughness dots when dots are placed on top of the paint. Two PCB 132A31 sensors are visible at x = 0.38 m and
x = 0.43 m. A Schmidt-Boelter gage is visible at x = 0.45 m. Flow is from left to right.

Dots were then placed on top of the paint edge in order to eliminate the effects of having a forward-facing
step behind the roughness dots (Figures 20(c), 20(d)). This created a roughness almost twice the height
of the paint thickness when the dot height was added to the span-uniform paint. The final height of the
dots on top of the paint was 300 µm, and almost 30% of the boundary layer thickness, which is roughly
1 mm at 140 psia. Figure 22(a) shows the results of placing roughness dots 8◦ apart on the edge of the paint
surface at x = 0.324 m. At an axial location between x = 0.382 m and x = 0.415 m and spanwise location
between y = -0.02 m and y = 0.02 m, roughly 60◦ of the cone is visible. Between the two outermost rays of
registration marks visible in this zone, about seven streamwise streaks are seen, indicating that the spacing of
these streaks is about 8◦. This shows that the spacing of the streaks has been changed to match the spacing
of the roughness dots. Figure 22(b) shows the results of placing roughness dots 4◦ apart. The number of
vortices between y = ±0.02 m in Figure 22(b) is twice what is seen in the same region in Figure 22(a) at
about 15 streaks. The spacing of the streaks in these images is again the same as the spacing of the roughness
dots.

Thus the spacing of dots can change the spacing of the streamwise streaks. This indicates that the
streamwise vortices can be controlled, and that the secondary instability on the surface of the cone may have
a significant effect. Further tests will have to be done with dots farther upstream, where the Görtler vortices
start growing with dots that are more controlled in size and shape.

V.C.2. Comparison of Temperature-Sensitive Paint Images and Sensor Data

On a typical 7◦ half-angle cone at 0° angle of attack at Mach 6, transition is caused by the growth of second-
mode waves. As measurements are taken farther downstream (comparing the red trace to the blue trace
in Figure 23(a)), the amplitude of the pressure fluctuations increases. The peak frequency of the second-
mode waves on a straight 7◦ half-angle cone will decrease because the boundary layer increases along the
length of the cone and the second-mode frequency is related to the boundary-layer thickness. This shift in
frequency is not seen on the compression cone, as it was designed to have a constant boundary-layer thickness.
Turbulence, as seen by PCB 132A31 pressure sensors, is characterized by a broad band of frequencies with
no distinct peak (green trace in Figure 23(a)).

When no roughness dots are present on the surface of the compression cone, the PCB 132A31 power
spectra appear as in Figure 23(b). As measurements are made farther downstream, the peak at 298 kHz
increases in amplitude until x = 0.38 m. Downstream to x = 0.43 m, perhaps due to the onset of transition,
the amplitude of the wave decreases. Also of note are the peaks that appear at 583 kHz and 893 kHz in the
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(b) Compression cone with no dots. p0 = 140.3 psia,
T0 = 151.4◦C. (Same run as Figure 21(a).)
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(c) Compression cone with roughness dots spaced 8◦

apart (n = 45). p0 = 141.8 psia, T0 = 150.1◦C. (Same
run as Figure 22(a).)
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run as Figure 22(b).)

Figure 23. Power spectra of pressure fluctuations measured by PCB 132A31 sensors for cases with roughness dots on
top of paint surface.
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x = 0.38 m (green trace in Figure 23(b)). These are likely harmonics of the second-mode wave peak. In the
TSP images, the streamwise streaks appear on the surface of the compression cone at about the location
where the harmonics appear. These harmonics are not as prominent at a location of x = 0.43 m (magenta
trace in Figure 23(b)), but at this location, the streamwise streaks have begun to weaken.

Power spectra for when roughness dots are placed on top of the paint at a separation of 4◦ apart (Fig-
ure 23(c)) and a separation of 8◦ apart (Figure 23(d)) show similar trends. Growth in the second-mode wave
peak is seen up until a location of x = 0.38 m. For the case of n = 45, at x = 0.43 m, the second-mode
wave peak is broader than at x = 0.38 m and the amplitude is lower. There is also a slight increase in
the amplitude of other frequencies, but not enough to engulf the second-mode wave peak. For n = 90,
the peak in the trace for x = 0.43 m is broader and shaped differently from the upstream peaks, but the
background noise at frequencies greater than 300 kHz does not seem to rise. A possible second harmonic
of the second-mode wave peak is seen for a spacing of n = 45 (Figure 23(c)) at x = 0.38 m, but not for a
spacing of n = 90 (Figure 23(d)). In the temperature-sensitive paints images (Figure 22), the streamwise
streaks start to spread at around x = 0.45 m. It is not clear why the higher harmonics are not present
when the roughness dots are applied. The increase in broadband fluctuations between 0 kHz and 300 kHz
at x = 0.43 m may indicate the onset of transition.

V.C.3. N -Factor at Transition Onset

Streamwise cuts of the temperature change along the compression cone were taken to compare with the
computations of wall heat flux. An indirect comparison can be made because the wall heat flux is pro-
portional to the temperature change, therefore the experiment should show the same qualitative trends as
the computations. Streamwise temperature profiles were taken along rays on the cone’s surface, at the 15
locations marked by as heavy black lines in Figure 24. These temperature profiles were then averaged for
each of the runs as shown in Figure 25 to get an idea of average temperature change as a function of axial
location. Some stray artifacts present in the temperature-sensitive paints images appear in these streamwise
temperature profiles. At x = 0.35 m, for example, a reflection from the window is shown as a small peak
in temperature in Figure 25. Stray points, such as seen at x = 0.38 m in the green trace on Figure 25, are
from sensors or registration marks.
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Figure 24. Locations of streamwise cuts of temperature change along the compression cone shown on a typical
temperature-sensitive paints image.

When no roughness dots were present (red ‘+’ in Figure 25), the temperature change increases from
x = 0.36 m until x = 0.395 m. This increase in heating is likely due to the streamwise vortices. Then, the
temperature change decreases until x = 0.44 m. At x = 0.44 m, the heating begins to increase again. It is
unclear whether or not the flow transitions at the back of the cone, as the cone is not long enough to show
if the heating remains constant after this area of reheating.

When roughness dots were placed upstream of the paints (blue diamonds and green triangles in Figure 25),
the temperature change profile follows roughly the same trends as the case where there are no roughness
dots. It is likely that the trends are very similar due to the fact that the dot heights are close to the height
of the paint edge. Again, it is unclear whether or not the flow transitions here due to the short length of the
cone.

For the cases where the roughness dots were placed on top of the paint (cyan circles and magenta squares
in Figure 25), the temperature change profile looks more similar to a transitional profile. The heating remains
fairly constant along the cone until x = 0.42 m for both the n = 45 and n = 90 cases. After this, the heating
increases until about x = 0.45 m, where the heating appears to be leveling out again.
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Figure 25. Temperature change profile from an average of 15 streamwise cuts along the compression cone.

Figure 26 shows the computed N -factor for the compression cone at p0 = 150 psia with locations of
interested highlighted. The first arrow at x = 0.38 m is the location where the streamwise streaks first
appear on all cases, according to Figure 25. The N -factor at this location is N = 15.0. In the cases where no
roughness dots were used or the dots were placed upstream of the paint edge, the streamwise streaks start
to reheat at a location of x = 0.438 m. The N -factor at this location is N = 20.0. For the case where dots
are placed on top of the paint, the streamwise streaks start heating at x = 0.415 m, where the N -factor is
18.4. If the start of increase in heating is taken to be the transition onset location for the case with dots on
top of the paint, the N -factor at transition can be taken as N = 18.4.

V.D. Summary of Results

Roughness dots placed upstream of the edge of the temperature-sensitive paint seem to have little effect on
altering the spacing of streamwise streaks and the heating on the surface of the compression cone. It is likely
that in this case, the paint edge still dominates the generation of streamwise vorticity. When roughness dots
are placed on top of the paint, the spacing of the streamwise streaks seen in the temperature-sensitive paints
can be changed. A combination of the temperature-sensitive paints data and PCB sensor data for this case
also indicates that the flow transitions at around N = 18.4.

V.E. Further Work

These measurements are only a beginning that suggests an apparently fruitful means of studying nonlinear
breakdown under fully quiet flow. A more controlled method of applying dots of a uniform shape and size
needs to be developed for this purpose. Roughness dots should also be placed farther upstream at a location
between x = 0.1 m and x = 0.17 m. A new compression cone with a backward-facing step could also be
constructed to eliminate the effects of the forward-facing step created by adding a temperature-sensitive
paint layer.

VI. Crossflow Instability and Transition on a Cone at Angle of Attack

An axisymmetric cone in hypersonic flow pitched at an angle of attack creates a circumferential pressure
gradient due to the shock lying closer to the body on the windward side than the leeward side. This pressure
gradient causes the inviscid streamlines to be curved. In the boundary layer, the streamwise velocity is
reduced, but the pressure gradient does not change, causing a secondary flow (crossflow) that is perpendicular
to the inviscid streamlines. The crossflow velocity profile is inflected, which is a source of instability. This
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Figure 26. Computed N-factor for the compression cone at p0 = 150 psia, T0 = 160◦. Computations from Gronvall.29

crossflow instability is likely to be critical on many hypersonic vehicles, yet is poorly understood.
Experiments were performed on a 7◦ half angle cone at 6◦ angle of attack in the BAM6QT to measure

the effect of tunnel noise and distributed surface roughness on the crossflow instability. A new cone was
designed for these studies, as shown in Figure 27. The cone is 16 inches long with a 4-inch base diameter. It
includes a 6-inch long nominally sharp nosetip and 10-inch long frustum. There are six ports for sensors on
the surface of the frustum, and two holes drilled in the base of the cone for coaxial thermocouples. These
data will be presented at a later time. The frustum is painted with the temperature-sensitive paint, which
in previous tests with an older model created a forward-facing step.29 The radius of the frustum on the new
cone was reduced by 200 µm in order to reduce this forward-facing step as much as possible. Two nosetips
were fabricated. One was left with the machine finished surface, the other was polished to a mirror finish.
Computations by Choudhari41 have shown that the neutral point of the most amplified stationary waves
occur at an axial distance of roughly 2-3 inches from nosetip. While previous results have shown the effect
of varying the average surface roughness over the frustum,29 this paper examines the effect of varying the
distributed roughness close to the neutral point of the most amplified stationary waves.

Figure 27. 7◦ half angle cone at 6◦ angle of attack installed in the BAM6QT with the machine finished nosetip.

VI.A. Instrumentation

As described earlier, temperature-sensitive paint is used to obtain a global temperature distribution and was
only applied to the frustum. The painting procedure and data acquisition setup was the same as described
in section V.B, except two analog to digital converters were used allowing the pco.1600 CCD camera to
capture images at 53 frames per second.
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VI.B. Surface Characteristics

The average roughness of the paint, machine finished nosetip and polished nosetip were determined by a
Mitutoyo Surftest SJ-301 profilometer. The average roughness is defined as the mean of the absolute values
of the deviations from the mean height. The profilometer was traversed over a 4.0 mm length at 3 random
locations and the results were averaged. These values are shown in Table 3. The painted surface and the
machine finish nosetip have a similar average roughness. The polished nosetip has an average roughness an
order of magnitude less.

Table 3. Summary of the average roughness for the painted surface, polished nosetip and machine finished nosetip.

Average roughness [µm]

Painted Surface 0.33

Machine Finished Nosetip 0.38

Polished Nosetip 0.04

As mentioned before, the radius of the frustum was reduced by 200 µm to account for the thickness of
the paint. The step in the paint was measured with the profilometer for both nosetips, traversing it over a
2 mm length. Measurements were taken at 5 random locations for each nosetip. Table 4 shows the range
of steps found. It was decided not to average the results because such a large range was found. The upper
end of the step range is similar to the forward-facing step found in the author’s previous work.29 It is also
noteworthy that the step for the polished nosetip on average is larger than the machine finished nosetip.
This is due to the removal of some material during the polishing process. Thus, the first paint job with the
new cone design was not yet successful in matching the backward facing step of the frustum and creating a
smooth surface. It was decided to run the cone anyways with the forward-facing step to see if altering the
nosetip roughness would still have an effect. In future experiments, either the frustum radius or the paint
thickness will be reduced to minimize the step at the nosetip-frustum junction.

Table 4. Summary of the foward-facing step at the nosetip-frustum junction due to the TSP with both nosetips.

Forward-facing step height [µm]

Machine Finished Nosetip 41 - 76

Polished Nosetip 43 - 82

VI.C. Effect of Varying Distributed Roughness and Tunnel Noise

Measurements were taken for the polished (Figure 28(a)) and machine-finished nosetips (Figure 28(b)) at a
freestream unit Reynolds number of 6.3×106 m−1 under quiet flow. Flow is from left to right. ∆T refers
to the number of degrees Celsius above the pre-run temperature. There is only one clear stationary vortex
forming with the polished nosetip, originating at roughly x = 0.31 m and y = 0.1 m. although others are
faintly visible. There are two clearly distinguishable stationary vortices formed with the machine finished
nosetip, originating at roughly x = 0.35 m, y = 0.05 m and x = 0.31 m and y = 0.1 m. The latter stationary
vortex appears to form with both nosetips. Disregard the vertical line that appears at roughly an axial
location of 0.34 m. This is an artifact of using two analog to digital converters that appears during the
realignment of the flow on and flow off images. Unfortunately this was the maximum attainable quiet unit
Reynolds number at the time, as explained in section IV.E.

Figure 29 shows the surface temperature plotted with the spanwise distance at an axial distance of 0.37
m. Three pixels in the axial distance were averaged, where one pixel is roughly 0.021 mm. The two vortices
created with the machine finished nosetip are clear in this plot, showing up as the two peaks. The one
perceived vortex with the polished nosetip is not as clear. Not only are there two vortices forming with the
machine finished nosetip, these vortices exhibit a higher amplitude. It is also noteworthy that the overall
temperature increase of the surface with the machine-finished nosetip is roughly 0.5◦C higher. It is not clear
from this data how much of an effect the forward-facing step at the nose-frustum junction has as compared
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to the average surface roughness of the nosetips. It is also not clear if the higher surface temperature with
the machine-finished nosetip is a repeatable phenomena.
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(a) Polished nosetip. p0 = 95 psia, T0 = 158.2◦C
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(b) Machine finished nosetip. p0 = 95 psia, T0 = 156.8◦C

Figure 28. Temperature-sensitive paints images showing the effect of changing the distributed roughness on the nosetip
under quiet flow for a unit Reynolds number of 6.3×106 m−1. Side view of the cone

Figure 29. Spanwise temperature profiles at an axial distance of 0.37 m for both the of the images shown in Figure 28.

Experiments done at a unit Reynolds number 6.3×106 m−1 under noisy flow are shown in Figure 30. This
is the same unit Reynolds number as shown in Figure 28 (under quiet flow). Unlike the previous results,29

there is not an obvious effect of tunnel noise on the crossflow instability, although these previous results were
performed at a higher quiet Reynolds number. The stationary vortices are visible farther upstream under
quiet flow. Stationary vortices may dominate in low-noise environments, which would explain why they are
visible farther upstream on the cone. There is also not an obvious effect of the nosetip surface roughness
under noisy flow. The stationary vortices become visible at roughly the same axial location, and appear to
reach the same amplitude. This suggests that the forward-facing step has a more significant effect than the
nosetip roughness.

Figure 31 shows spanwise temperature profiles for a unit Reynolds number of 6.3×106 m−1 with both
nosetips under noisy and quiet flow. These profiles were taken at an axial distance of 0.37 m. The only
temperature profile that shows a significant difference is the machine finished nosetip under quiet flow. Once
again, in this profile the two stationary vortices are easily visible. The cases with the machine finished
nosetip do tend to show a higher temperature near the windward ray, but it is not clear why this is the
case. Once again it is difficult to separate the effect of the forward-facing step in the paint and the surface
roughness of the nosetip.
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(a) Polished nosetip. p0 = 88 psia, T0 = 156.0◦C
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(b) Machine finished nosetip. p0 = 88 psia, T0 = 158.0◦C

Figure 30. Temperature-sensitive paints images showing the effect of changing the distributed roughness on the nosetip
under noisy flow for a unit Reynolds number of 6.3×106 m−1. Side view of the cone.

Figure 31. Spanwise temperature profiles at an axial distance of 0.37 m for the images shown in Figures 30 and 28.

The next set of tests were done at a higher unit Reynolds number of 9.0×106 m−1 with both nosetips.
These results are shown in Figure 32. There is no discernible difference between the two cases. For both
cases there are two distinct stationary vortices near the leeward ray that appear to break down originating
at roughly the same axial location. The transition front (inferred by the increase in surface temperature)
can be seen moving towards the windward ray from the side. Once again this is most likely because the
forward-facing step is dominating the generation of the stationary vortices. It is also possible that the axial
location of the neutral point of the most amplified traveling waves is not the same as the stationary waves,
therefore altering the roughness near the latter neutral point will not have a noticeable effect under noisy
flow (where traveling waves may dominate).

Plotted in Figure 33 are spanwise temperature profiles at an axial distance of x = 0.35 m for the TSP
images in Figure 32. Once again 3 pixels were averaged in the axial direction. For both nosetips, a similar
trend is shown. An increase in temperature is seen as the transition front is traversed at approximately
y = -0.035 m. The onset of transition is inferred to be where an increase in surface temperature is seen.
The rise in temperature at y = 0.01 m is caused by the stationary vortex. The magnitude of this vortex is
roughly the same for both cases. The temperature then tends to increase going farther towards the leeward
ray, suggesting that the boundary layer is transitional or turbulent. The average change in temperature is
slightly larger for the polished nosetip, but it is not clear why this is the case and if it is repeatable.
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(a) Polished nosetip. p0 = 120 psia, T0 = 155.9◦C

Axial distance from nosetip [m]

S
pa

nw
is

e 
re

fe
re

nc
e 

[m
]

 

 

0.3 0.32 0.34 0.36 0.38 0.4

−0.06

−0.04

−0.02

0

0.02 T
em

pe
ra

tu
re

 C
ha

ng
e 

∆T
, ° C

2

4

6

8

10

12

(b) Machine finished nosetip. p0 = 120 psia, T0 = 156.0◦C

Figure 32. Temperature-sensitive paints images showing the effect of changing the distributed roughness on the nosetip
under noisy flow for a unit Reynolds number of 9.0×106 m−1 under noisy flow. Side view of the cone.

Figure 33. Spanwise temperature profiles at an axial distance of 0.35 m for both the of the images shown in Figure 32.

VI.D. Future Work

It was at first surprising that a polished nosetip with an average roughness 10 times less than a machine
finished nosetip would not create a substantial difference in the amplitudes of the stationary instability. Upon
further review, it appears that the forward-facing step size at the beginning of the temperature-sensitive paint
is dominating the vortex generation. Until this step size is reduced sufficiently, it will not be possible to
separate the effect of the step and the effect of the nosetip surface roughness. This will be done in future
experiments by either reducing the radius of the frustum, or reducing the paint thickness. It is also necessary
to run the cone at higher quiet Reynolds numbers when possible. The increased amplitudes of the stationary
waves under higher quiet Reynolds numbers may allow the change in nosetip roughness to show a greater
effect.

VII. Conclusion

Measurements were made within the wake of a 10.2-mm high cylindrical roughness in the laminar
boundary-layer of the BAM6QT nozzle wall. PCB and Kulite sensors were flush-mounted in the wall.
These non-intrusive measurements have verified the instability near 21 kHz previously reported in Refer-
ences 7–9. The 21 kHz instability is believed to be first of its kind to be detected at hypersonic speeds.
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A second instability was detected and occurs at higher frequencies of 40–60 kHz. Its frequency appears to
vary greatly with freestream Reynolds number. The second instability occurs at Rek near 20,000–30,000 and
a height ratio of k/δ ≈ 0.9–1.0. This instability breaks down farther from the roughness (greater than 60
diameters downstream) and would require additional instrumentation farther from the roughness.

A 3-m circular arc compression cone was run with a nearly sharp nosetip (initial radius of 0.16 mm).
Temperature-sensitive paint was used to obtain a global temperature distribution. Roughness dots placed
upstream of the edge of the temperature-sensitive paint seem to have little effect on altering the spacing of
streamwise streaks and the heating on the surface of the compression cone. These streamwise streaks are
likely to be caused by the interaction of Görtler vortices and second mode waves. It is probable that in
the case with the dots upstream of the paint, the paint edge still dominates the generation of streamwise
vorticity. When roughness dots are placed on top of the paint, the spacing of the streamwise streaks seen in
the temperature-sensitive paints can be changed to match the azimuthal spacing of the dots. A combination
of the temperature-sensitive paints data and PCB sensor data for this case also indicates that the flow
transitions near N = 18.

In an effort to investigate the effect surface roughness near the nosetip on the crossflow instability, a 7◦

half-angle cone was tested at 6◦ angle of attack with temperature-sensitive paint. Two nosetips were used,
with one polished to a mirror finish. The average distributed surface roughness was roughly an order of
magnitude less on the polished nosestip. However, the smaller nosetip roughness had no apparent effect. It
appears that the remaining forward-facing step at the leading edge of the paint may dominate.

Heat-transfer measurements were made at the stagnation point of two hemisphere models in an effort
to characterize the effect of tunnel noise on heating rates. The hemispheres were equipped with coaxial
thermocouples and Schmidt-Boelter heat transfer gages respectively near the stagnation point. No effect
was found on these two models within the accuracy and resolution of the present measurements.

The current maximum quiet stagnation pressure of the BAM6QT is less than 92 psia, which is sub-
stantially lower than the maximum quiet stagnation pressure observed until March 2010. The decrease was
apparently caused when the throat was opened, and may be due to dust or roughness. An axial dependence
of centerline noise levels under quiet flow has been seen in the BAM6QT, although noise levels are still low
enough to be considered quiet. Finally, when the bleed slot was closed, the BAM6QT was shown to run with
nominally conventional noise levels.
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