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Nearly all hypersonic tunnels have turbulent nozzle-wall boundary layers that radiate acoustic noise, generating

high freestream noise levels that are an order of magnitude above flight levels. A newMach-6 quiet tunnel has been

developed to provide quiet flow at high Reynolds number with low noise levels, comparable with flight. Laminar

nozzle-wall boundary layers and the resulting quiet flow have now been achieved to high Reynolds numbers of

3:5 � 106=ft (11 � 106=m), after five years of shakedown. TheMach-6 quiet tunnel is the first operational hypersonic

quiet tunnel with low operating costs and good optical access.

Introduction

T HEunderstanding of 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. Although slender vehicles are the primary
concern, blunt vehicles are also affected by transition [1]. However,
the mechanisms leading to transition are still poorly understood,
even in low-noise environments.

Many transition experiments have been carried out in conven-
tional ground-testing facilities over the past 50 years [2]. However,
these experiments are contaminated by the high levels of noise that
radiate from the turbulent boundary layers normally present on the
wind-tunnel walls [3]. Noise level is defined here as the root-mean-
square pitot pressure ~p divided bymean pitot pressure �p. These noise
levels, typically 0.5–1%, are an order of magnitude larger than those
observed in flight [4,5]. These high noise levels can cause transition
to occur an order of magnitude earlier than in flight [3,5]. In addition,
the mechanisms of transition that are 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 [4].

Only in the last two decades have low-noise supersonic wind
tunnels been developed [3,6]. This development has been difficult,
because the test-sectionwall boundary layers must be kept laminar to
avoid high levels of eddy–Mach–wave acoustic radiation from the
normally present turbulent boundary layers. A Mach-3.5 tunnel was
the first to be successfully developed at NASA Langley Research
Center [7]. Langley then developed a Mach-6 quiet nozzle, which
was used as a starting point for the new PurdueUniversity nozzle [8].
It was removed from service due to operational conflicts and

changing research priorities. The facility is now housed at Texas
A&M University. The joint Boeing and U.S. Air Force Office of
Scientific Research (AFOSR) Mach-6 Quiet Tunnel (BAM6QT) is
the first operational hypersonic quiet tunnel with low operating costs
and good optical access [9].

Development of the Boeing/AFOSR Mach-6 Quiet
Tunnel

Facility Description and Design History

Design of theBAM6QTbegan in 1996. From the outset, the tunnel
had two goals: run with a low noise level and do so affordably. The
target was to achieve quiet flow for stagnation pressures up to
150 psia (1000 kPa). This corresponds to a unit Reynolds number of
3:4 � 106=ft. (11 � 106=m) for a stagnation temperature of 433 K at
Mach 6. Quiet facilities require low levels of noise in the inviscid
flow entering the nozzle through the throat, and they require laminar
boundary layers on the nozzle walls [10,11]. Many of the
characteristics of the NASA Langley Research Center (LaRC) quiet
tunnels were employed. For example, the BAM6QT incorporates
boundary-layer suction before the throat, and the nozzle features a
long straight-walled section to delay the onset of Görtler vortices
[12]. The first 0.76 m of the nozzle features an electroformed nickel
finish, which has no seams and can be highly polished with minimal
roughness and waviness [13].

To have a low operating cost, a Ludwieg tube design was chosen
over the blowdown configuration (Fig. 1). A Ludwieg tube is a pipe
with a converging/diverging nozzle on the end. The Ludwieg tube is
operated through many cycles of expansion-wave reflection within
the driver, providing a run time of a few seconds, during which the
Reynolds number falls quasi-statically. Modern instrumentation
makes this moderately short run time more than sufficient for
measurements of instability and transition. Compared with a
blowdown tunnel, the run-time and air-supply costs are reduced by
one or two orders of magnitude. The complex and costly settling
chamber is eliminated, and the necessary high-quality air filtering is
carried out during the slow charging of the driver tube, which is
maintained as a clean room. For theBAM6QT, the run time is about 7
or 8 s, whereas the tunnels at LaRC typically ran for up to 60min and
could run continuously [3].

Figure 2 shows section 8, the last nozzle section. The region of
useful quietflow lies between the characteristicsmarking the onset of
uniform flow and the characteristics marking the upstream boundary
of acoustic radiation from the onset of turbulence in the nozzle-wall
boundary layer. A 7.5-deg sharp cone is drawn on the figure. The
rectangles are drawn on the nozzle at the location of window
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openings, all but one of which are presently filled with blank metal
inserts.

Operational History of the BAM6QT

The BAM6QT was first run in 2001. Initially, the quiet
performancewas very disappointing. Though designed to run quietly
for stagnation pressures up to 150 psia (1000 kPa), the tunnel was
quiet only for pt < 8 psia (55 kPa). Several potential explanations
for the low maximum quiet pressure were posed. Their solutions
were tested from 2001 to 2005, with no substantial impact on the
maximum quiet pressure [9].

In late 2002, a small bump was detected on the lip of the bleed slot
near the throat that removes the upstream boundary layer. It was not
measured until 2005 for fear of damaging the delicate polish. A
surrogate throat was machined from aluminum to the same nominal
design as the electroformed throat and tested beginning in
February 2005. The surrogate-throat bleed lip did not have the same
imperfection. This change was the first to have a significant
improvement on the quiet pressure and led to a greater appreciation
of the influence of the contour near the bleed lip.

Initial tests with the surrogate yieldedmaximumquiet pressures of
20 psia (140 kPa). Polishing the surrogate throat and other minor
modifications eventually raised the quiet pressure to 90 psia
(620 kPa) [14].

In May 2006, the bleed lip of the electroformed nozzle was
remachined into an elliptical profile calculated to minimize
separation (see the next section). Measurements made before and
after the modification confirm the kink and show how it is eliminated
(Fig. 3). The two passes were made at azimuthal angles 45 deg apart.
The presence of the kink in one pass and not the other indicates that

the defect is not axisymmetric. Its precise azimuthal extent is not
known, but it was present in two of eight evenly spaced passes,
suggesting a size greater than 45 and less than 135 deg [15].

The first tests with the remachined but unpolished electroform
were quiet for pt < 37 psia (260 kPa). This nozzle was then
repolished and achieved quiet pressures as high as 153 psia
(1050 kPa). There were six months of regular operation, up to ten
runs per day, five or six days per week, with quiet pressure above
145 psia (1000 kPa) before the performance started to degrade to
about 60% of this level [16]. The nozzle has since been repolished
and is operating quietly for pt < 135 psia (930 kPa) [17].

Computational Fluid Dynamics Simulations
for the Redesign of the Bleed Lip

The experimental study of Klebanoff and Tidstrom [18] showed
that the presence of a separation bubble of sufficient size destabilizes
the laminar boundary layer downstream of reattachment, thereby
leading to an earlier transition to turbulence. It appears that the kink
in the electroformed throat exacerbated a natural tendency to form an
unstable separation bubble near the lip [19]. Separation bubbles on
the bleed lip and associated fluctuations induced near the bleed lip
were identified by Schneider et al. [20] as the most likely cause of
early transition. Taskinoglu et al. [21,22] were the first to make a
detailed computation of separation bubble structure and location.
These computations were motivated by earlier computations for the
French quiet tunnel [23]. Only the axisymmetric bleed-lip contour
has beenmodeled; the kink discovered on the bleed lip and discussed
in the previous section has not been modeled. The objectives of the
computational fluid dynamics (CFD) effort are to demonstrate the

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

Fig. 2 Schematic of Mach-6 quiet nozzle with 7.5-deg cone model; dimensions are in inches [meters].
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effect of separation bubbles on flow structure by numerically
investigating the existence of steady and unsteady separation
bubbles on the main- or bleed-flow side of the nozzle lip and to
design a new geometry to eliminate or reduce the size of the
separation bubbles.

Numerical Methodology

Steady and time-accurate computations are performed for both the
original geometry and the new designs using GASPex version 4.1.2
[24]. The laminar compressible Navier–Stokes equations are solved.
For the modeling of inviscid fluxes, the third-order Roe’s scheme
with Harten correction is used. The min–mod limiter [25] is
employed as a flux limiter to prevent the occurrence of nonphysical
oscillations. The boundary conditions are as follows: Po–Riemann
subsonic inflow, forced outflow for the bleed-slot and nozzle exits,
no-slip adiabatic solid walls, axisymmetric side walls, and an
axisymmetric X-axis plane. For the inflow boundary, the total
pressure and total density at the boundary are set using Riemann
invariants from characteristic theory [24]. The geometry is fully
axisymmetric; however, side walls were used for the computational
domain, which was a slice of the axisymmetric geometry.

An implicit dual-time-stepping method was used for the time-
accurate computations. The time for the flow to go from the bleed lip
to the end of the computational domain was calculated to be 0.28ms.
The velocities used for calculating the average velocity are the
velocities in the steady-state solution. The total simulation time was
taken to be four times the time necessary for the flow to go from the
bleed lip to the exit of the computational domain, corresponding to
1.1 ms. The values obtained from the steady-state solution were used
for all theflowparameters as an initial condition for the time-accurate
computations.

Computational Analysis of the Existing Bleed Slot

Among the modifications made to the tunnel to increase the
maximum quiet-flow stagnation pressure, a series of different bleed-
slot geometries were tested. The computations were made for the
bleed-slot geometry presently installed in the BAM6QT, case 7. This
geometry has the best performance of those tested.

Two different grids generated using GridPro/az3000 [26] were
used in the computations. The total number of grid points is 99,928
for the first grid. The minimum grid spacing is 0.01 mm around the
bleed lip. For the second grid, the minimum grid spacing around the
bleed lip is decreased to 0.001mmand the total number of grid points
is 192,184. Grid clusteringwas performed around the bleed lipwith a
stretching parameter of 1.105 for both of the grids.

Separation bubbles exist on both themain-flow and the bleed-flow
sides of the bleed lip for stagnation pressures of 8, 14, and 150 psia
(55, 97, and 1030 kPa) according to steady computational results.

The lengths of the separation bubbles on the main- and bleed-flow
sides of the bleed lip are 1.15 and 2.2mm, respectively, for theflowat
150 psi (1030 kPa) stagnation pressure. The streamlines
superimposed with Mach number contours for the flow at 150 psi
(1030 kPa) is shown in Fig. 4. Themagnified plot around the bleed lip
is shown in Fig. 5.

According to the time-dependent computations, for the flow at
8 psi (55 kPa), no unsteadiness was observed in the flow.
Unsteadiness in the flow starts at 14 psi (97 kPa) and continues to
exist at higher stagnation pressures. For the flow at 14 psi (97 kPa),
unsteadiness was observed in the flow around the separation bubble
on the bleed-flow side of the bleed lip only. The wall shear stress
values were calculated for the points around the bleed-slot lip.

The shear stress at the wall is defined as

�w � �w
s � V
�n

(1)

where �w is the viscosity, s is the vector parallel to the surface, V is
the velocity vector, and�n is distance between the wall and the next
grid point. The vector s is taken as positive in the positive x direction
for both the upper and the lower surfaces.

The shear stress variation for the upper surface at 14 psi (97 kPa)
for several time values is shown in Figure 6. There is unsteadiness in
shear stress at 14 psi (97 kPa). The first location at which the shear
stress is negative corresponds to the separation bubble on the bleed-
flow side of the lip. The second location at which the shear stress has
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Fig. 3 Precut and postcut measurements of bleed-lip profile by ATK at two different azimuthal locations [15].

Fig. 4 Mach number contours for case 7.

JULIANO ET AL. 1759



negative values corresponds to the recirculation region on the corner
of the geometry.

Separation bubbles induce earlier transition to turbulent flow by
destabilizing the boundary layer, although the presence of a
separation bubble (especially on the bleed-flow side) does not
guarantee transition. Steady and time-accurate simulation results at
several stagnation pressures show that separation bubbles with
varying sizes exist on both the main-flow and the bleed-flow sides of
the bleed lip of the original electroformed nozzle for all stagnation
pressures tested.

Redesign of Bleed Lip

An adverse pressure gradient is present just aft of the blunt nose on
a flat plate in uniform flow. As a semi-elliptical nose becomes more
slender, this gradient is reduced [27]. The basic idea in the
modifications of the bleed lip is to make the lip more slender to
eliminate the separation bubbles. Several modifications were made
to the case-7 geometry by cutting the bleed lip over an axial region
that covers less than 0.1 in. (2.54 mm) [28,29]. The computational
results obtained with the most successful geometry will be
summarized.

The original and new geometries are shown in Fig. 7. The x
coordinate is the axial distance from the throat (negative is upstream).
The y coordinate is the radius from the centerline. To obtain the new
geometry, the nozzle coordinates after points ��22:98; 17:48� mm
were not altered. The coordinates of the upper portion of the bleed lip
were not changed after points ��22:5; 18:45� mm. Three arbitrary
points were put between these two unaltered original geometry
points, and four different cubic splines were fit to these five points to
create the new geometry.

Steady and unsteady computations were performed on the new
geometry for stagnation pressures of 50, 150, and 300 psi (345, 1030,
and 2070 kPa) at a stagnation temperature of 433 K. The Mach
number contours and streamlines for the steady simulations of the
new geometry at 300 psi (2070 kPa) are shown in Fig. 8. The results
for 50 and 150 psi (345 and 1030 kPa) stagnation pressure are similar
to those at 300 psi (2070 kPa). The separation bubbles on both the
lower and upper parts of the bleed lip are eliminated up to a
stagnation pressure of 300 psi (2070 kPa).

The wall shear stress plots are shown for the upper and lower sides
of the stagnation point at a stagnation pressure of 150 psi (1030 kPa)
in Figs. 9 and 10, respectively. There is no unsteadiness in wall shear
stress at 150 psi (1030 kPa). The shear stress at the location of the
separation bubble that previously existed on the upper side of the
bleed lip is high and positive, as seen in Fig. 9.

Steady and unsteady computations with this nozzle lip geometry
show that the separation bubbles on both the main- and bleed-flow
sides of the nozzle lip are eliminated with this new geometry up to a
stagnation pressure of 300 psi (2070 kPa). The separation bubbles
that may cause earlier transition in the test section of a hypersonic
quiet tunnel can be eliminated by careful design of the geometry of
the bleed lip. In the present case, remachining the lip of the nickel
throat also eliminated a kink in the original geometry. Thus, there
were two ways in which remachining the lip may have affected the
flow, and it is not possible to separate the two using existing
measurements.

Fig. 5 Streamlines around thebleed slot for case 7 at 150psi (1030kPa).

Fig. 6 Shear stress variation for the upper surface at 14 psi (97 kPa).

Fig. 7 Original and new geometries.

Fig. 8 Mach number contours for the new geometry at 300 psi

(2070 kPa).

1760 JULIANO ET AL.



Pitot Pressure Data

Figure 11, reproduced from [30], illustrates the substantial
difference between noisy and quiet flow. It is a typical oscilloscope
trace, with the data converted from voltage to pressure.

High-frequency Kulite pressure transducers (model XCQ-062-
15A) are used to measure the pitot pressure. A mechanical stop
behind the diaphragm of these transducers allows the test area to be
pressurized to the high stagnation pressure without damaging them.
The dc pitot pressure is amplified by a factor of 100 before
digitization, and the ac pitot pressure is high-pass-filtered at about
840 Hz and amplified by an additional factor of 100 before
digitization, using custom-built electronics based on instrumenta-
tion-amplifier integrated circuits (INA103). Data were collected on
various 8-bit digital oscilloscopes employing an internal high-
resolution averaging mode to reduce noise and increase effective
resolution from 8 to 11 or 12 bits (Tektronix TDS 7104, 5034, or
7054). Data were recorded for 10 s at 200 kHz. The pressure
transducers and associated electronics are calibrated quasi-statically
using a quartz pressure transducer (Paroscientific Model 740) by
slowly filling the tunnel from vacuum.

The oscilloscope is triggered by the sudden drop in pitot pressure
when the diaphragms burst. Thefirst second of data is frombefore the
trigger and provides a baseline of electronic noise. At time t ’ 0:0 s,
the diaphragms burst and the run starts. Approximately 0.2 s is
required to start up the Mach 6 flow. During this run, the tunnel runs
at a conventionally high noise level until t ’ 1:0 s. At t ’ 1:0 s the
boundary layer on the nozzle-wall switches from turbulent to
intermittently turbulent, becoming laminar and quiet at t ’ 1:2 s.
The contraction-wall pressure is highlightedwith circles and referred

to the left-hand axis. It drops from an initial value of 160 psia
(1100 kPa) in stair steps, each time the expansion wave reflects from
the contraction. The contraction pressure at which the noise drops to
quiet levels is about 146 psia (1000 kPa). With the exception of five
turbulent bursts between t ’ 2:8 and 5.7 s, the tunnel is quiet until
the run ends at t ’ 7:1 s when the contraction-wall pressure has
dropped 28% to about 105 psia (724 kPa). Each turbulent burst has an
approximately 1.5-ms duration [14], corresponding to 300 data
points per burst. The pressure at which the nozzle drops to quiet has
always been essentially independent of the time during the run at
which this pressure is achieved.

Noise Level

The pressure data are also used to calculate the tunnel noise level,
~p= �p. The noise level for the preceding run as a function of
contraction pressure is shown in Fig. 12. The noise is computed by
breaking the run into 0.1-s intervals and calculating ~p and �p over the
segment. If the interval is quiet, the high-pass-filtered and amplified
ac pitot pressure is used to find ~p; if not, the dc pitot pressure is used.

As expected, the prerun (pt > 160 psia, 1100 kPa) noise level is
very small. The noise increases to 2.4 to 2.6% until pt � 149 psia
(1030 kPa), at which point the noise increases to near 18% during the
series of turbulent bursts. When pt < 146 psia (1010 kPa), the noise
level decreases below0.05%, except for the occasional turbulent spot
(Fig. 13). The noise level increases dramatically when the run ends
(pt < 100 psia, 690 kPa).

The modifications made to the tunnel did not change the basic
pattern of pitot pressure vs time or the noise level vs contraction

Fig. 9 Shear stress variation for the upper surface of the new geometry

at 150 psi (1030 kPa).

Fig. 10 Shear stress variation for the lower surface of the newgeometry
at 150 psi (1030 kPa).
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pressure. Rather, the goal was to increase the contraction pressure at
which the changeover from noisy to quiet flow occurred. Thus, after
most runs, data analysis consisted of applying the transducer
calibrations to the oscilloscope data and identifying the maximum
quiet pressure for that run. The reduction in noise level at the onset of
quiet flow is quite pronounced and easily ascertained.

Conclusions

The BAM6QT has achieved its target of quiet operation for a unit
Reynolds number of 3:4 � 106=ft (11 � 106=m). Several substantial
restrictions on performance were identified and overcome. As
originally fabricated, the electroformed nozzle was limited to a
maximum quiet pressure of 8 psia (55 kPa) by the small kink near the
tip on the main-flow side of the bleed lip. Testing of an aluminum
surrogate nozzle with the original hemispherical bleed-lip profile but
without the flaw yielded quiet pressures up to 90 psia (620 kPa).
Finally, machining the nickel throat to the elliptical profile provided
by the CFD calculations enabledmaximumquiet pressures as high as
153 psia (1050 kPa). Both the electroformed nickel and surrogate
nozzles demonstrated performance improvements as a result of
polishing surfaces that had previously had a rougher finish. The
BAM6QT is currently the only operational hypersonic tunnel
providing high-Reynolds-number quiet flow with low noise levels
that are comparable with those in flight.
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