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Abstract

The Boeing/AFOSR Mach-6 Quiet Tunnel
(BAM6QT) has been developed to provide quiet
flow at high Reynolds number, with low noise levels
comparable to flight. Laminar nozzle-wall boundary
layers and the resulting quiet flow have now been
achieved to moderately high Reynolds numbers of
2.1 × 106/ft., after four years of shakedown. The
BAM6QT is now the only operational hypersonic
quiet tunnel, anywhere.

Problems with early transition were apparently
due to a small flaw in the leading edge of the bleed
lip of the original electroformed-nickel throat. The
bleed lips of the nickel throat and the new aluminum
surrogate throat are now being modified to eliminate
separation bubbles that are still predicted by Rutgers-
University computations.

The flow in the inlet to the contraction was also ex-
amined in order to determine the level of disturbances
present there. A new hot-wire calibration technique
was developed that is suitable for the incompressible
yet varying density flow present in the contraction.
The noise levels were asymmetric but typically on the
order of 1%. There is also evidence of a highly asym-
metric boundary layer in the contraction. These asym-
metries are thought to be caused by pre-run free con-
vection in the contraction.
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Introduction

Hypersonic Laminar-Turbulent Transition

Laminar-turbulent transition in hypersonic
boundary layers is important for prediction and con-
trol 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 conventional ground-testing facilities over the
past 50 years [2]. However, these experiments are con-
taminated by the high levels of noise that radiate from
the turbulent boundary layers normally present on the
wind tunnel walls [3]. These noise levels, typically 0.5-
1% of the mean, 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 mech-
anisms of transition operational in small-disturbance
environments can be changed or bypassed altogether
in high-noise environments; these changes in the mech-
anisms change the parametric trends in transition [4].
Mechanism-based prediction methods must be devel-
oped, supported in part with measurements of the
mechanisms in quiet wind tunnels.

Development of Quiet-Flow Wind Tunnels

Only in the last two decades have low-noise su-
personic wind tunnels been developed [3, 6]. This
development has been difficult, since the test-section
wall boundary-layers must be kept laminar in order
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to avoid high levels of eddy-Mach-wave acoustic radi-
ation from the normally-present turbulent boundary
layers. A Mach-3.5 tunnel was the first to be success-
fully developed at NASA Langley [7]. Langley then
developed a Mach-6 quiet nozzle, which was used as
a starting point for the new Purdue nozzle [8]. Un-
fortunately, this nozzle was removed from service due
to a space conflict; it is now to be reinstalled at Texas
A&M. The Purdue Mach-6 tunnel is presently the only
operational hypersonic quiet tunnel, anywhere in the
world.

Background of the
Boeing/AFOSR Mach-6 Quiet Tunnel

A Mach-4 Ludwieg tube was developed at Pur-
due in 1992-1994 [9]. Quiet flow was achieved at low
Reynolds numbers, and the facility was used for de-
velopment of instrumentation and for measurements
of instability waves under quiet-flow conditions. How-
ever, the low quiet Reynolds number and the small
4-inch test section imposed severe limitations.

A hypersonic facility that remained quiet to higher
Reynolds numbers was needed. Low operating costs
had to be maintained, to make research affordable in
the post-Cold-War environment. Beginning with Ref.
[10], a series of AIAA papers have reported on the de-
sign, fabrication, and shakedown of this facility, on the
development of instrumentation, and on progress to-
wards achieving Mach-6 quiet flow at high Reynolds
number. Refs. [11] and [12] summarize these earlier
papers, including the initial quiet flow achieved at low
Reynolds numbers (8 psia stagnation pressure) with
the 6th bleed-slot design. Ref. [13] reported initial
achievement of quiet flow at 20 psia stagnation pres-
sure, using the unpolished surrogate throat. Ref. [14]
reported hot-wire measurements of second-mode insta-
bilities on sharp and blunt cones at conventional-noise
conditions.

The present paper reports progress in the second
half of 2005. Quiet flow was recently achieved at high
Reynolds number for the first time. Recent computa-
tions show that a separation bubble is forming on the
main-flow side of the bleed lip [15, 16]; at present, this
appears to remain the probable cause of transition in
the nozzle-wall boundary layer.

The Boeing/AFOSR Mach-6 Quiet Tunnel

Quiet facilities require low levels of noise in the
inviscid flow entering the nozzle through the throat,
and laminar boundary layers on the nozzle walls. To
reach these low noise levels, conventional blow-down
facilities must be extensively modified. Requirements
include a 1 micron particle filter, a highly polished

nozzle with bleed slots for the contraction-wall bound-
ary layer, and a large settling chamber with screens
and sintered-mesh plates for noise-reduction [3]. To
reach these low noise levels in an affordable way, the
Purdue facility has been designed as a Ludwieg tube
[9]. A Ludwieg tube is a long pipe with a converging-
diverging nozzle on the end, from which flow exits into
the nozzle, test section, and second throat (Figure 1).
Care is taken to keep the air in the tunnel as dry as pos-
sible to avoid water condensation in the nozzle. The
dewpoint of the air in the tunnel, measured with a
Panametrics Moisture Target Series-5 dewpoint meter,
was typically on the order of −20◦C.

A diaphragm is placed downstream of the test
section. When the diaphragm bursts, an expansion
wave travels upstream through the test section into
the driver tube. Since the flow remains quiet after
the wave reflects from the contraction, sufficient vac-
uum can extend the useful runtime to many cycles of
expansion-wave reflection, during which the pressure
drops quasi-statically.

The contraction-wall boundary layer is bled off
just upstream of the throat, beginning a fresh undis-
turbed boundary layer for the nozzle wall. The nozzle-
throat bleed air can be ducted to two alternate loca-
tions. A fast valve remains connected directly between
the bleeds and the vacuum tank, allowing the bleed air
to be dumped directly into the tank, with a small but
significant delay of about 1/2 sec., which increases to
perhaps 2 sec. at very low pressures, where the exist-
ing valve does not work well. In addition, the original
plumbing connecting the bleed air to the diffuser en-
ables a faster startup, if the jets of air into the diffuser
are not a problem.

Figure 2 shows the nozzle. Here, z is an ax-
ial coordinate whose origin is at the nozzle throat.
The region of useful quiet flow lies between the
characteristics marking the onset of uniform flow,
and the characteristics marking the upstream bound-
ary of acoustic radiation from the onset of turbu-
lence in the nozzle-wall boundary layer. A 7.5-deg.
sharp cone is drawn on the figure. The rectan-
gles are drawn on the nozzle at the location of win-
dow openings, all but one of which are presently
filled with blank metal inserts. Images of the tun-
nel are available at http://roger.ecn.purdue.edu/~
aae519/BAM6QT-Mach-6-tunnel/, along with earlier
papers and other documentation.

Quiet Flow Achieved to
High Reynolds Number

Quiet flow at high Reynolds number was recently
achieved for the first time in the Boeing/AFOSR
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Figure 1: Schematic of Boeing/AFOSR Mach-6 Quiet Tunnel

Figure 2: Schematic of Mach-6 Quiet Nozzle with Model
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Mach-6 Quiet Tunnel at Purdue. All the measure-
ments were performed at a stagnation temperature of
160◦C.

Initial Tests with Surrogate Throat
An aluminum surrogate throat was machined

in sections in Spring 2005 [13]. The purpose was
to develop a low-cost throat that could be instru-
mented without risk to the highly polished joint-free
electroformed-nickel throat. At best, the surrogate
throat was expected to perform similarly to the nickel
throat, since the sectioning added roughness at the
joints, and the soft aluminum cannot be polished as
well as the harder nickel.

Surprisingly, the first tests with the surrogate
throat achieved quiet flow up to 20 psia [13]. When the
throat was removed, an aft-facing step was noted at
the end of the surrogate throat, at z = 30.265. Here, z
is the axial distance downstream from the throat. This
step was only about 0.002 inches high, as estimated
by Mr. Jerry Hahn in the AAE machine shop. This
is only about half the allowable roughness according
to the Rek = 12 criterion, even at 150 psia stagnation
pressure (Fig. 41 of Ref. [10]). However, it was still
decided to reduce the step, just to see what would hap-
pen, and because it was not difficult. Mr. Jerry Hahn
of the AAE machine shop increased the inner diameter
of 5.5686 in. to 5.5730 in. at z = 30.2650 in., starting
the new profile at z = 23.675 at 4.605-in. dia., and
cutting in a straight line to 5.573-in. dia. Thus, the
inside diameter at the end of the surrogate throat was
increased by 0.0044 inches, making it nearly flush at
the joint with section 5, although not as flush as the
original nickel throat, which was hand-polished as an
assembly.

The modified surrogate nozzle was then tested us-
ing centerline pitot measurements near the nozzle exit.
Surprisingly, again, the flow became quiet at a much
higher stagnation pressure, about 37 psia. It seems
likely that small streamwise vortices generated at the
aft-facing step must have been feeding the Görtler in-
stability, which should begin near the beginning of the
concave-wall region, at z = 23.668 in. (38.31 throat
radii per Table 1 of Ref. [10]). Since the end of the
throat section at z = 30.265 in. is just downstream of
the beginning of the concave-curvature region in this
very long nozzle with a 4-deg. inflection angle, small
vortices generated from the step are well positioned to
amplify.

Bleed-Lip Separation and Tip Flaws
These results with the surrogate nozzle showed

clearly that the longstanding early nozzle-wall tran-
sition was caused by some flaw in the nickel throat.
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Figure 3: Measured Coordinates of Surrogate Lip

The nickel nozzle was electroformed on a very pre-
cise mandrel, and has a very high-quality finish, yet it
performs much worse than the surrogate. The inves-
tigation almost immediately focused on the tip of the
bleed lip.

Computations by ONERA in France have shown
that separation can occur on bleed lips for quiet noz-
zles [17]. It is fairly well known that separation bub-
bles can lead to early transition downstream, because
they are highly unstable [18, 19]. Flat plates used
for low-speed transition experiments have carefully
designed leading edges in order to avoid separation,
and they usually include a trailing-edge flap in order
to control the location of the leading-edge stagnation
point and therefore the upstream pressure gradients
[20]. Rutgers University had already performed com-
putations to show that a separation bubble did occur
near the bleed lip [15, 16].

The bleed lips of the nozzle throats were therefore
measured in order to check the coordinates. Fig. 3
shows the results for the surrogate lip (here, the axial
coordinate is zero at the throat, but the sign is re-
versed from z, and it increases going upstream). The
coordinates appear to be nearly exactly as specified.
The nickel nozzle was then measured, as shown in Fig.
4. While the coordinates are generally as designed,
there is a 0.001-inch kink near the inner shoulder at
the 90-deg. azimuth (and also, to a lesser extent, near
the 270-deg. azimuth). This kink is the only known
feature in which the nickel nozzle is inferior to the sur-
rogate, so it appears to account for the difference in
performance.

This kink aggravates the problem with separation
near the lip, and apparently causes the early nozzle-
wall transition at 8 psia. The lip of the nickel nozzle
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Figure 4: Measured Coordinates of Electroformed Lip

had not been measured previously, due to concerns
about damaging the 1-microinch-RMS mirror finish.
Figs. 3 and 4 of Ref. [21] show measurements ob-
tained by the manufacturer in the throat of the nickel
nozzle, but these measurements did not extend to the
lip contour. Ref. [21] does show that the electroform
distorted about 0.002 inches out of round when it was
removed from the mandrel (about 0.1%). Although
detailed records no longer exist for the subsequent
machining process (private communication, Larry De-
Meno, Allied Aerospace, July 2005), it appears that
the electroform was aligned in the lathe as though it
was axisymmetric, before the tip and upper surface of
the bleed lip were machined. The flaw which was then
machined into the lip was not detected due to con-
cerns about damaging the surface finish. In hindsight,
these concerns were excessive and unwarranted, since a
high-quality measurement need not damage the finish
anyway.

The next change made to the surrogate was to
have it polished by Optek, Inc. This high-quality pol-
ish made a dramatic improvement in the internal fin-
ish. Unfortunately, the bleed lip was also nicked, prob-
ably during installation, as shown in Fig. 5. The noz-
zle was then quiet only to about 12 psia., about 1/3
of the previously observed value, and the nick was the
obvious possible cause. Mr. Jerry Hahn then hand-
polished the nozzle, to reduce the nick, which improved
its quiet-flow performance to 34 psia stagnation pres-
sure. This was better, but still lower than before the
polish, presumably due to the residual effect of the
nick.

Figure 5: Polished throat with nicks on bleed lip at 7
o’clock

High Reynolds-Number Quiet Flow
with the Surrogate Throat

The surrogate throat was then repolished by
Optek, who concentrated their work near the throat,
and extended the polished region around the bleed lip.
The nozzle was returned and installed (uneventfully)
for tests in late September, 2005. The nozzle flow was
measured using a fast Kulite pressure transducer oper-
ated as a pitot-pressure sensor. The sensor was placed
on the centerline at z = 45.0 inches and also z = 93.4
inches, for initial driver-tube pressures ranging from
40 to 121 psia. A typical test yielded pressure traces
similar to Fig. 6.

Here, the first second of data is from before the
run, and provides a baseline. The double-diaphragm
breaks near time t = 0 seconds, triggering the Tek-
tronix TDS7104 digital oscilloscope, operating in Hi-
Res mode at 200 kHz. The pitot pressure is shown
in blue, and the wall pressure at the contraction en-
trance is shown in green. The contraction-wall pres-
sure is essentially the stagnation pressure, since the
Mach number in the driver tube is about 0.003. It
drops in small stairsteps when the expansion wave re-
flects from the contraction entrance, about every 0.2
seconds. In Figure 6, the flow was noisy until about
3.3 seconds, when the pitot fluctuation level drops
dramatically, indicating that the nozzle-wall boundary
layers at the acoustic origin have dropped laminar. A
calibrated trace of the contraction pressure indicates
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Figure 6: Typical voltage traces for pitot and
contraction-wall pressure sensors
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Figure 7: Typical drop from noisy to quiet for a single
run starting at 120 psia

that the flow dropped quiet at about 95 psia. The
flow is quiet until t = 7 seconds except for turbulent
bursts at 3.5 and 4.9 seconds. The run is over at t = 7
seconds, when the flow drops subsonic.

The raw traces are analyzed by finding the mean
and RMS pressure over short intervals as the stagna-
tion pressure drops in the driver tube. A sample of
the short-time-averaged trace is shown in Fig. 7. The
traces for early times at higher contraction pressures
show high rms noise, which drops suddenly when the
contraction-wall pressure drops to about 95 psia. At
lower pressures, the quiet flow is generally very quiet,
with an rms pitot pressure less than 0.05% of the mean.
However, most runs still have two to eight extremely
short duration spikes of higher pressure. These are
probably turbulent bursts.
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Figure 8: Dependence of tunnel quiet pressure on run
start pressure

Experiments were performed at various initial
pressures, to see if the stagnation pressure at which
the tunnel dropped quiet depended on the time dur-
ing the run at which that pressure occurred. The re-
sults are shown in Fig. 8. Tests begun with a driver
tube pressure less than 92 psia were quiet after the
startup disturbance. Tests begun at driver-tube pres-
sures from 95 to 121 psia ran noisily until the pressure
dropped to about 94 psia, then became quiet. All runs
were with a 160◦C driver tube temperature.

Quiet pressures from a pitot mounted halfway up
the nozzle, at z = 45.0 inches, agree well with results
from the short pitot, at z = 93.4 inches; the flow drops
quiet at about the same pressure. This correspondence
suggests that a bypass mechanism at the bleed lip is
still responsible for transition, as in earlier measure-
ments [22]. It seems likely that a separation bubble
on the bleed lip is still causing transition, only not as
early as it does when the bubble is aggravated by the
kink in the nickel lip.

Finally, the Mach number was calculated from the
Rayleigh pitot formula, as shown in Figure 9. There
is a marked increase in Mach number when the flow
becomes quiet. This is expected, since the laminar
boundary layer is thinner, and so the area ratio from
the throat is larger. This same step in the mean pitot
pressure when the flow drops quiet can also be seen in
Figure 6.
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Future Plans

The next modification to the surrogate is to rema-
chine the bleed lip to the coordinates provided by Pro-
fessor Knight’s group at Rutgers. This new shape is
expected to eliminate the separation bubble that ap-
parently still exists there. A similar series of tests
will determine the new maximum quiet pressure and
whether there is an axial dependence. The current
plan is as follows:

1. Measure coordinates of aluminum bleed lip, as
polished

2. Machine new bleed-lip shape provided by Rutgers,
to eliminate separation, using aluminum surro-
gate

3. Measure the as-machined shape

4. Measure the performance of the new shape in the
tunnel, before polishing

5. Polish the aluminum throat, then measure again

6. If successful, machine the lip of the electroformed
nickel throat

7. Measure the as-machined shape

8. Measure the performance of the nickel throat with
the new bleed lip shape

Measurements in the
Contraction Inlet

Driver-Tube Noise Levels
Until recently, the flow upstream of the throat had

not been measured or characterized to determine its
role in the early nozzle-wall transition. Noise in the
settling chambers of quiet tunnels has been observed
to propagate downstream in measurable quantities. It
was also thought that sufficiently high noise levels in
the flow exiting the driver tube could be a cause of
early nozzle-wall transition. These observations un-
derscore the importance of examining the flow exiting
the driver tube at the contraction entrance, so as to
determine if the disturbance levels are within accept-
able limits.

Beckwith et al. concluded that the dominant dis-
turbance mode in the settling chambers of blow-down
wind tunnels is in the form of acoustic energy. These
acoustic disturbances propagate downstream primar-
ily as plane waves [23].

Of the acoustic disturbances present in settling
chambers, it was estimated by Beckwith that some-
where between 20% and 40% of this energy is trans-
mitted into the test section of supersonic tunnels. It
was found that empirical results agree well with theory
for Mach numbers up to at least 5 and frequencies up
to 60 kHz [23, 24]. However, these facilities had much
smaller contraction ratios than the BAM6QT, around
88. The contraction of the BAM6QT most likely re-
flects much more of the noise back into the driver tube,
since its contraction-area ratio is approximately 145.

Experiments were carried out to ascertain the ef-
fects of transmitted settling chamber noise on test sec-
tion noise levels and flow characteristics. In supersonic
wind-tunnel tests at JPL, it was found that for a free
stream Mach number of 1.78, settling chamber turbu-
lence levels had a strong effect on transition Reynolds
numbers for models in the test section. No such ef-
fect was observed for Mach numbers between 2.55 and
4.5 [25]. This behavior was also observed in indepen-
dent tests at Mach 5 in a NASA Langley tunnel. A
settling chamber noise increase from 0.35% to 0.85%
caused no measurable increase in free stream noise lev-
els [26].

Contrary to these findings, it was observed, in an
initial examination, that transition on sharp cones in
the Langley Mach-8 Variable Density Tunnel was sig-
nificantly affected by upstream disturbances. Various
configurations of upstream valving and screens pro-
vided changes in settling chamber noise levels. Fur-
thermore, additional Mach 5 data indicate that RMS
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pitot-pressure levels and trends had some dependency
on settling chamber screen configuration [27].

Beckwith et al. completed detailed studies of
methods for attenuating the observed noise in the set-
tling chambers of supersonic wind tunnels. In a pilot
quiet facility at NASA Langley with Mach 5 nozzles,
noise levels in the settling chamber were reduced from
an unspecified amount to below 1% with the use of
“acoustic baffles” and screens. The acoustic baffles
consisted of porous Rigimesh plates. About 12 inches
of steel wool were then added to the settling chamber.
This further reduced the fluctuation levels to about
0.2% [23]. NASA Langley also used such acoustic baf-
fles in the settling chamber of the Supersonic Pilot
Tunnel. Though this facility had mass flows nearly an
order of magnitude higher than that of the Mach 5 fa-
cility, settling-chamber noise was again very effectively
reduced [24].

Clearly, it is uncertain what settling chamber noise
levels are acceptable. Considering the success NASA
Langley has had in the area of operational quiet tun-
nels, it is inferred that if the driver tube of the
BAM6QT has noise levels comparable to those present
in the quiet Langley tunnels, they are within an ac-
ceptable range. Beckwith suggested that total distur-
bance levels in the settling chambers of quiet tunnels
should be reduced to 1% or less [26]. If this is not
found to be the case in the BAM6QT, there are a
number of relatively easy and inexpensive components
that could possibly be added to attenuate noise levels
appreciably. However, these solutions may not work
in a Ludwieg tube due to the short run time.

The following summarizes Ref. [28] which should
be consulted for additional detail.

Experimental Setup
The driver tube and contraction must be heated

to approximately 160◦C to avoid nitrogen liquefaction
in the nozzle exit. To aid in this uniform heating,
the driver tube is insulated with 3 inch fiberglass pipe
insulation. The tube is heated by generating a 6V
electric potential drop across the length of it. This
draws approximately 2000 amps through the driver
tube, which is heated via Ohm’s-law. A thermocouple
near the downstream end of the driver tube is typi-
cally used to control the temperature, although which
thermocouple is the controlling thermocouple can be
changed. Four Electronics Measurement Incorporated
TCR10T750 power supplies provide the necessary cur-
rent for heating. These power supplies have a maxi-
mum output of 750 amps at 10 volts and are regulated
by an Omega CN9000A controller.

In order to keep the contraction from being a large
heat sink that reduces the temperature of the down-

stream end of the driver tube, three band heaters are
used to heat the contraction. A schematic of the con-
traction and band heaters can be seen in Figure 10.
The two upstream heaters are Tempco 1500W, 240V
heaters and the smaller downstream heater is a Tem-
pco 3000W, 240V heater. Each heater is controlled by
an Athena Controls, Inc., AIM15 controller. Surface
thermocouples are affixed to the contraction by hose
clamps and are used by the controllers to determine
when each heater needs power in order to keep the
temperature at the set point.

The three contraction band heaters are typically
set to 138, 160, and 160◦C, going from the most up-
stream heater to the most downstream heater. The
most upstream heater is always set lower than the
other two. It has been found that this enables all three
to actually heat the tunnel. Otherwise, the large up-
stream heater does all the heating. A HEAT 30kW
circulation heater, set to 165◦C, was used to heat the
incoming air. The circulation heater was controlled
by a Watlow 988A-10KD-AAGR heater controller. By
examining the readout of a thermocouple located near
the upstream end of the driver tube, it has been found
that the actual temperature of the heater equilibrates
to about 5◦C lower than its set point.

It is not easy to make measurements in the driver-
tube exit or contraction entrance, since both the driver
tube and contraction are ASME code-stamped pres-
sure vessels, and not readily modified. However, mea-
surements are possible using two access ports provided
at the entrance to the contraction, near the driver tube
exit. The access ports are centered 6.500 inches down-
stream of the beginning of the contraction, where the
tunnel radius has only decreased from 8.750 inches in
the driver tube to 8.705 inches [29]. The bottom ac-
cess port has a diameter of 3.000 inches while the top
access port has a diameter of 1.000 inch. The locations
of the access ports can be seen in Figure 10.

In order to utilize the instrument ports in the top
and bottom of the contraction, two traverse mounts
were designed and used in the tunnel. The hot-wire
positions in the contraction were changed by adjust-
ing the lead screws of the traverses holding the probe
supports. A Velmex A2509BE-S2.5 Unislide traverse
allowing 6.5 inches of vertical movement and a Velmex
A2515BE-S2.5 Unislide traverse allowing 13.0 inches
of vertical movement were used to position the hot-
wire probes in the contraction. Both traverses are
equipped with a Vernier scale allowing positioning to
within 0.001 inches.

Both probes were positioned in the probe sup-
ports by removing the blanks from the contraction
and inserting the appropriate hardware. Thus the
distance between the probe and the contraction wall
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Figure 10: Schematic of the contraction

could be measured using digital calipers. A visual in-
spection estimates the error in initial probe position to
be 0.01 inches. Thus, the precise distance the probe
was moved could be readily determined, but the actual
position error was set by the initial uncertainty. Two
18-inch TSI 1160-18 high-temperature probe-supports
were used to support the probes in the tunnel.

TSI 1222-P12.5 high temperature hot-wire probes
were used for both hot-wire and cold-wire investiga-
tions. Platinum/10%-Rhodium (Pt/Rh) wires were
used for all contraction measurements. They had a
diameter of 0.00015 inches and a length/diameter ra-
tio of approximately 340. The probes were inserted
into the contraction via the access ports as seen in
Figure 10.

When the probe was operated in constant cur-
rent mode, an in-house constant current anemometer
(CCA) was used to power the probe and condition the
probe’s output signal. Two outputs are available from
the anemometer, a DC signal with a gain of 100, and
a high-pass filtered AC signal with a gain of 10,000.
The high-pass filter is a simple RC filter with a design
point of 800 Hz.

For hot-wire applications, a TSI IFA-100 constant
temperature anemometer (CTA) was utilized. The
CTA was operated using the standard-2 bridge.

Kulite pressure transducers were used to record
pressures in a number of tunnel locations. A Kulite

model XTEL-190-200A was wall-mounted in the 3-
inch port at the entrance to the contraction. A Kulite
XT-123CE-190-300SG transducer was used for pres-
sure measurements in the bleed suction plenum. Both
of these locations can be seen in Figure 10.

Kulite XCQ-062-15A transducers were used to
measure pitot pressure on the tunnel centerline at
an axial location of z=75.3 inches (where the noz-
zle throat is at z=0.0 inches). These transducers
were modified by the manufacturer so that the trans-
ducer diaphragm was physically stopped above about
15 psia. This allowed high pressure-resolution data to
be recorded during a tunnel run, when the pitot pres-
sure is typically less than 2 psia, while protecting the
sensor from damage during the substantially higher
pre-run pressures. The stock pressure transducers are
designed to maintain their calibration for pressures up
to twice the design pressure, 15 psia in this case, and
to survive only up to three times the design pressure,
well below the maximum pressure seen in the tunnel.
Additionally, a temperature-sensing wire was added to
the output to allow calibration adjustments for varia-
tions in the transducer temperature.

In-house electronics were used to power the pres-
sure transducers and condition the output signal. One
output was the DC signal with a gain of 100. The
other was high-pass filtered at 800Hz with a gain of
10,000, effectively isolating the AC component of the
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signal.
Data were recorded on one of four oscilloscopes.

A Tektronix TDS7104 digital oscilloscope operating in
Hi-Res mode was used to capture all hot and cold-wire
data. In Hi-Res mode, the oscilloscope samples data
at a rate of 1 GS/sec and then averages it into memory
at the set sampling frequency. A Tektronix TDS5034B
digital oscilloscope operating in Hi-Res mode was used
to capture some static-pressure data in the contrac-
tion. For sampling frequencies of 200kS/sec, the Tek-
tronix oscilloscopes in Hi-Res mode gives 15 bit res-
olution. The oscilloscope can store 4Mb in Hi-Res
mode. A LeCroy 9314AL and a LeCroy 9304AM dig-
ital oscilloscope were used to record additional data.
The 9314AL sampled data at 100kS/second while the
9304AM sampled at 25kS/second. Both gave 8 bit
resolution. Only the bleed-slot plenum data were ever
recorded on the 9304AM oscilloscope.

A Paroscientific, Inc. Model 740 digital pressure
gauge (0-400 psia) was used to monitor the pre-run
pressure upstream of the burst diaphragms. It was
also used to obtain pressure data for the pressure-
transducer calibrations. This quartz-beam gauge is
very stable and accurate to 0.01% of full scale.

Free Convection in the Contraction

Initial measurements showed high levels of fluctuations
in both the pre-run and the run data. It was hypoth-
esized that free convection due to the non-uniform
contraction/driver-tube heating could have been the
cause. This possibility was investigated by position-
ing one hot wire in the nominally stagnant air of the
contraction.

For this study, an overheat ratio of 1.62 was used
for all data recorded. The driver tube and contrac-
tion temperatures were set to 160◦C. All oscilloscope
traces were recorded with a sampling frequency of 500
kS/s. All yt distances represent distances below the
top contraction wall.

The tunnel was pressurized to approximately
26 psia. Four-second oscilloscope traces were recorded
every 10 minutes over a period of 2 hours at yt=0.10,
0.35, 0.60, 1.10, 1.35 inches, at a sampling rate of
250kS/sec. Traces were also recorded every 10 min-
utes over an 80 minute period at yt=0.85 inches. Ad-
ditionally, traces were recorded over a 30 minute pe-
riod for yt=1.50 inches to 6.50 inches below the top
tunnel wall, in 0.50 inch increments. All records were
thus 1.9Mb long.

Figure 11 shows the RMS plotted against yt for
times of 0, 10, 20, and 30 minutes after the driver
tube was pressurized to 26 psia. The average RMS
was found by breaking each trace up into segments
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Figure 11: Average RMS vs. yt

of length 0.02 seconds, finding the RMS of each seg-
ment, and then averaging the RMS value of all the seg-
ments. Here, the electronic noise was not subtracted.
For some voltage traces, the measured noise levels were
indistinguishable from the calculated electronic noise,
and at times was found to be slightly less than the
electronic noise.

No temporal dependence can be seen in Figure 11.
Additionally, the average RMS 0.10 inches from the
wall is near the RMS levels observed from 3.00 to
6.50 inches from the wall. The average RMS then
drops sharply and then increases rapidly to a maxi-
mum value around 1.50 inches from the upper contrac-
tion wall. The RMS then recovers to a nearly constant
lower value between 3.00 and 6.50 inches from the wall.

This behavior was unexpected. It was thought
that if a wall effect were causing the observed free con-
vection, the effects would be greatest near the wall and
then decrease as distance from the wall increased. This
is clearly not the case.

It was thought that an examination of the tem-
perature profile in the contraction would provide an
explanation for this unexpected behavior.

Contraction Temperature
Measurements

Full-Temperature Contraction
In order to help explain the observed pre-run free

convection in the contraction, temperature profiles
were measured in the contraction for several different
initial stagnation pressures. It is possible that a suf-
ficiently large temperature gradient could have been
responsible for the free convection. If such a gradient
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also existed in the driver tube, it could have a neg-
ative impact on flow quality, introducing undesired
disturbances and creating a generally non-uniform
flow. These non-uniformities and disturbances could
be washed downstream and augment noise levels in
the contraction and/or adversely affect the nozzle-wall
boundary layer transition.

In order to obtain temperature information in the
contraction, the hot wire was operated in constant-
current mode. All runs were sampled at 200KS/sec for
10 seconds in Hi-Res mode. Here, the recovery factor
was taken to be 1 because of the low Mach number in
the contraction.

Due to traverse limitations, the lowest point the
wire could reach in the contraction was 3.00 inches
below the centerline (although the diameter was
17.41 inches). Measurements were made for loca-
tions of yc=-3.00, -2.00, -1.00, 0.00, 1.00, 2.00, 3.00,
6.00, and 8.00 inches with the tunnel centerline being
yc=0.00 inches. Measurements were made for initial
driver-tube pressures of 8, 90, and 145 psia. Locations
from yc=-3.00 to 2.00 inches were measured first for
each pressure. The probe support was then moved up
on the traverse to allow the wire to reach locations of
yc=3.00, 6.00, and 8.00 inches. For these runs, the
driver tube temperature was set to 160◦C. The tunnel
was filled in the usual manner.

Figure 12 shows the temperature as a function of
distance from the centerline in the contraction at an
initial driver-tube pressure of 90 psia, for times of -
0.5 seconds to 5.5 seconds in 1 second intervals with
0 seconds being the time the run was initiated. Thus,
the points corresponding to -0.5 seconds correspond to
the pre-run temperature. Each point shows the tem-
perature averaged over 0.25 seconds. Figure 13 shows
the temperature as a function of time for an initial
driver tube pressure of 90 psia for the aforementioned
contraction locations.

As expected, for all values of yc examined, the
temperature dropped with time. This was due to the
isentropic expansion of the driver-tube gas from the
passing expansion waves.

Unexpectedly, the pre-run temperature at the
two locations closest to the upper wall, yc=6.0 and
8.0 inches (0.705 and 2.705 inches from the top tun-
nel wall, respectively) were much higher than the set
point of 160◦C. With a uniformly heated and insu-
lated driver tube, and a uniformly heated contraction,
it was expected that the air temperature for all yc

would be very close to 160◦C. As can be seen in the
figures, the temperature at these locations is the high-
est for all pre-run data points and decreases slightly
with increased initial driver-tube pressure. For loca-
tions closer to the tunnel centerline, the pre-run tem-
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Figure 12: Contraction-air temperature vs. yc for
full-temperature driver tube at an initial pressure of
90 psia
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perature was much closer to the expected value.
For the yc=6.00 and 8.00 inch cases, the tem-

perature drops off very rapidly after the beginning of
the run and approaches a temperature near what was
measured at other locations, though the temperature
remains consistently higher than those measured at
other locations. Due to the rapid temperature drop-off
at these locations, it is thought that the high pre-run
temperatures are due to overheating of the contrac-
tion, not the driver tube. Since measurements were
made at the contraction entrance, the pre-run tem-
perature is the only one that reflects the temperature
of the air heated in the contraction. Points for tem-
peratures during a run are primarily the temperatures
of air heated in the driver tube. After the flow begins,
the air in the contraction entrance moves at about
5.5 feet/second. By the time the second data point
at 0.5 seconds is calculated, most of the air present in
the contraction prior to a run has been evacuated into
the nozzle and bleed system and replaced by air from
the driver tube.

It was thought that the higher pre-run tempera-
tures near the wall were due to the manner in which
the contraction heating was controlled. There are 3
band heaters on the contraction. A J-type thermo-
couple is attached to the contraction very near each
band heater using simple hose clamps. A photograph
of one of the thermocouples is shown in Figure 14.
The temperature sensed by the thermocouple is used
by the band-heater power supply to determine when
each heater is in need of power.

The contraction overheating appears to be caused
by the outer sides of the controlling thermocouples
that were left open to the room air. Heat is trans-
ferred from their outer sides into the room, making
them read a misleading lower temperature.

It is interesting to note that the temperatures at
yc=6.00 and 8.00 inches are consistently higher than
at lower locations. This is evidence that during the
equilibrium time between filling the driver tube and
running the tunnel the driver tube air stratifies sig-
nificantly due to temperature variations. If the driver
tube walls were well-insulated and uniformly heated,
such stratification would not be observed; the air
would be at a uniform temperature and no stratifica-
tion would be observed. It seems that this stratifica-
tion is caused by the observed pre-run free convection.

Additionally, the theoretical contraction temper-
ature providing static liquefaction of nitrogen in the
exit of the nozzle was computed. This curve is seen in
Figure 13.

Pope [30] provides the following relation for static
nitrogen liquefaction:

Figure 14: Thermocouple used to control contraction
heating

log10(p) =
−605.4

T
+ 4.114 (1)

where p is the pressure in atmospheres and T is the
static temperature in ◦R. Since the static pressure in
the contraction is the nozzle stagnation pressure, the
isentropic static pressure was calculated for a Mach
number of 5.8. This gave the static pressure in the
nozzle exit. The theoretical static temperature pro-
viding nitrogen liquefaction was then calculated. The
corresponding stagnation temperature was found via
isentropic relations. This is what is plotted as the sat-
uration temperature for nitrogen in the nozzle exit.

As can be seen in Figure 13, there may be some
static nitrogen liquefaction in the nozzle exit late into
the run. This is an issue that must be addressed later
as such liquefaction is undesirable. However, it is pos-
sible that supercooling could allow the nitrogen in the
air to be cooled below this static-liquefaction point
without actually condensing.

Reduced Contraction Temperature
In order to mitigate the effect of overheating the

contraction, the band-heater set points were reduced
and similar measurements were repeated. The heaters
were all turned down to 120◦C.

Runs were made at the same initial driver tube
pressures and at locations from yc=-3.00 to 8.00 inches
in 1.00 inch increments. The runs were not made
in sequence in order to remove any sort of sequence-
dependence. Runs were made in two groups and in
the following order: -3.00, 2.00, -2.00, 1.00, -1.00,
0.00 (first group) and 3.00, 8.00, 4.00, 7.00, 5.00,
6.00 inches. The first grouping was completed at 8,
90, and 145 psia respectively. The probe support was
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Figure 15: Contraction-air temperature vs. time for
reduced-temperature driver tube at an initial pressure
of 90 psia
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Figure 16: Contraction-air temperature vs. distance
from centerline for reduced-temperature driver tube
at an initial pressure of 90 psia

then moved up in the traverse to allow the wire to
reach the locations in the second grouping. Measure-
ments at the second set of heights were then made for
145, 90, and 8 psia, respectively. Sample results for
90 psia can be seen in Figures 15 and 16.

As can be seen, the pre-run temperatures for lo-
cations 6.00 and 8.00 inches above the centerline were
lowered by about 10◦C. Surprisingly, however, the pre-
run temperatures for locations closer to the center-
line were approximately 10◦C higher than for the fully
heated contraction.

The reason for this unanticipated behavior can be
explained by the manner in which the driver-tube tem-
perature is controlled. The thermocouple that reads
in the driver-tube temperature to the driver-tube con-
troller is located about 3 feet upstream of the con-

traction. When the contraction temperature is low-
ered, the downstream end of the driver tube cools
as well. The driver-tube temperature controller then
finds the driver tube at a lower temperature and in-
creases the driver-tube temperature accordingly. The
elevated driver-tube temperature likely raised the air
temperature in the contraction as well, even in the
pre-run.

The theoretical saturation stagnation temperature
for nitrogen in the nozzle exit is again plotted. As can
be seen, the static temperature in the nozzle never
drops below the static liquefaction limit. Thus, with
the reduced contraction-temperature, the likelihood of
static nitrogen liquefaction is greatly reduced.

Temperature Drop Compared to Isentropic Theory
A simple theoretical method for predicting the

temporal drop of stagnation temperature and pressure
in low Mach-number Ludwieg tubes was developed by
Schneider, et al. [31]. The pressure drop is modelled as
a simple isentropic expansion from a reservoir through
a choked nozzle. The massflow is set by the stagnation
temperature and pressure.

The massflow was given by

V
dρ0

dt
= −A∗

P0√
RT0

c1, (2)

where

c1 =

√√√√
γ

(
2

γ + 1

) γ+1
γ−1

, (3)

A∗ is the nozzle throat area, V is the driver-tube vol-
ume, T0 is the stagnation temperature, P0 is the stag-
nation pressure, ρ0 is the stagnation density, and t is
time.

For a perfect and isentropic gas,

P0

P0,i
=

(
ρ0

ρ0,i

)γ

(4)

where the subscript “i” denotes initial conditions.
Combining these equations with the perfect-gas

relation gave the following as a final relationship for
the drop in the stagnation-pressure ratio:

P

P0
=

(
1 +

γ − 1
2

A∗

V

√
RT0,itc1

) 2γ
1−γ

(5)

where t is time from the start of the run.
The stagnation-temperature ratio was then easily

found from:

13



0 1 2 3 4 5

0.88

0.9

0.92

0.94

0.96

0.98

1

Time (sec)

T
/T

0

8 in.
6 in.
3 in.
2 in.
1 in.
0 in.
−1 in.
−2 in.
−3 in.
Isen The.

Figure 17: Ratio of stagnation temperature to ini-
tial stagnation temperature for 160◦C contraction at
90 psia
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Figure 18: Ratio of stagnation temperature to ini-
tial stagnation temperature for 120◦C contraction at
90 psia

T

T0
=

(
P

P0

) γ+1
γ−1

(6)

Using these formulas, theoretical temperature ra-
tios were computed and compared to measurements
made in the contraction in order to see whether the
contraction stagnation temperatures behaved in the
same manner as the theory. In each case, T0 is taken
to be the pre-run temperature. Figures 17 and 18
show sample comparisons for the fully heated and the
partially heated contraction for an initial stagnation
pressure of 90 psia, for yc=-3.00, -2.00, -1.00, 0.00,
1.00, 2.00, 3.00, 6.00, and 8.00 inches. As can be
seen, locations from yt=-3.00 to 5.00 inches matched
very well with the theoretical, isentropic stagnation-
temperature drop.

At around 3.5 seconds into the run, however,
the actual stagnation temperature begins to turn up

slightly. This varies somewhat from the isentropic the-
ory and is possibly due to the growing displacement
thickness which effectively reduces the volume of the
tunnel, V in Equation 5.

It is clear that there are several locations for which
the theory does not come anywhere close to predict-
ing the stagnation-temperature-ratio drop. For the
fully heated contraction, wire locations of yc=6.00 and
8.00 inches showed much lower stagnation temperature
ratios for the duration of the runs.

This is most likely due to the high pre-run tem-
peratures observed at yc=6.00 and 8.00 inches. As was
previously discussed, these pre-run temperatures were
much higher than the temperatures at those locations
just 0.5 seconds into the run. This means that the pre-
run temperatures measured at yc=6.00 and 8.00 inches
should not be used as T0. The appropriate pre-run
temperature to use would be the pre-run temperature
of the air heated in the driver tube. Unfortunately,
this cannot be measured with the current tunnel con-
figuration.

In order to see if a more accurate initial stagnation
temperature could be found for air heated in the driver
tube prior to a run, various values of T0 were used in an
attempt to bring the experimental temperature-ratio
curve closer to the isentropic theory. The values of T0

that brought the curves close to the theory can be seen
in Table 1.

Cont. Temp T0 at yc=8 in T0 at yc=6 in
160◦C 177.9◦C 175.9◦C
120◦C 174.9◦C 172.9◦C

Table 1: Different T0’s used to bring temperature ra-
tios closer to isentropic theory

Figures 19 and 20 show the stagnation-
temperature ratio drop with the modified T0.
As can be seen, the curves match the isentropic
theory much more closely than in Figures 17 and
18. However, for the cases with the contraction fully
heated to 160◦C, it is clear that the relationship
between the stagnation-temperature ratio and time is
characteristically different than the isentropic theory
in that it does not have a nearly constant slope. For
the 120◦C contraction, however, the curves behave
much more like the theory.

The differences between theory and the experi-
mental data are thought to be due to a thermal bound-
ary layer present along the upper tunnel wall during
a run. This thermal boundary layer is the portion of
the fluid near the wall through which the temperature
drops from the wall temperature to the free-stream
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Figure 19: Ratio of stagnation temperature to ini-
tial stagnation temperature for 160◦C contraction at
90 psia with modified initial stagnation temperature
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Figure 20: Ratio of stagnation temperature to ini-
tial stagnation temperature for 120◦C contraction at
90 psia with modified initial stagnation temperature

temperature. Due to the higher contraction-wall tem-
perature, such a thermal boundary layer is expected.

Hot-wire Calibration

Free convection due to the temperature gradient
present in the contraction wall and driver tube gener-
ates a significantly non-uniform temperature profile in
the contraction. This necessitates an examination of
the mass-flow fluctuations. The fluctuations present
in the driver tube and contraction could significantly
affect freestream noise levels in the nozzle or perhaps
create a bypass mechanism that trips the nozzle-wall
boundary layer.

A calibration of the hot wire was necessary in or-
der to quantify the disturbances in the contraction.
Normally, a calibration of a hot wire in low speed, in-
compressible flow is a trivial task. However, the chang-
ing density due to the passing expansion wave in the
contraction make this calibration procedure question-
able.

A low speed, incompressible hot-wire calibration
is normally modelled by King’s Law:

Nu = A + B
√

Rew (7)

where A and B are empirical constants, Nu is the Nus-
selt number, and Rew is the wire Reynolds number.

The changing density in the contraction, how-
ever, makes it unlikely that this relation is accurate.
Thus, a new calibration procedure was established and
performed. Additionally, the same data were used
in another previously established calibration scheme.
Mass-flow fluctuations computed from both calibra-
tions were then compared.

For the present study, no contraction boundary-
layer effects were considered. As discussed in detail
in Ref. [28], the boundary layer in the contraction is
highly complex and asymmetric. This makes mod-
elling it in the calibration very difficult. The displace-
ment thickness of the viscous boundary layer would
serve to raise the contraction Mach number. It seems
likely that a change in Mach number would affect the
calibration. No doubt this exclusion added some er-
ror and uncertainty to the calibration. However, at
present, it seems the only way to proceed.

Calculation of Mass Flow
Both calibration procedures require the mass flow

to be known. A simple equation for mass flow is:

ρU = PM

√
γ

RT
(8)
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where ρ is the density, U is the velocity, P is the pres-
sure, M is the Mach number, γ is the ratio of specific
heats, R is the gas constant, and T is the temperature.

The contraction-entrance Mach number was found
using the isentropic area relationship where the cross-
sectional area of the contraction was taken to be
238.1 square inches and the throat area was taken to
be 1.7 square inches. This value of the throat area is
1.38 times the geometric throat area to account for
the additional area due to bleed-slot suction. Due
to the low Mach number, about 0.004, the stagna-
tion and static temperatures are essentially identical
at the driver-tube exit. Thus Eq. 8 can be used as an
accurate expression for the mass flow.

The static pressure in the contraction, P in Equa-
tion 8, was found from the calibrated Kulite static-
pressure transducer located on the contraction wall.
The sensor was calibrated using the Paroscientific
gauge. The tunnel was then pressurized to approxi-
mately 145 psia in incremental steps. At each step, the
air was allowed to equilibrate and voltage and pressure
levels were recorded.

Power-Law Calibration

The goal of this first calibration procedure was
to find a relationship between Nusselt number and the
wire Reynolds number valid over the entire range of
contraction conditions. This could then be compared
to the standard King’s Law relationship for low-speed
incompressible flow. It was thought that the relation
would be of the form:

Nu = CRen
w (9)

where C and n are empirical constants determined in
the calibration.

The Nusselt number is given by

Nu =
E2Rw

πkl(Tw − ηT0)(Ra + Rw)2
(10)

Due to the low-speed flow, η, the recovery factor, can
be taken to be 1 [32]. Here, E is the hot-wire voltage,
Rw is the wire resistance, k is the thermal conductivity
of air, l is the length of the wire, Tw is the wire temper-
ature, T0 is the stagnation temperature, Ra is the arm
resistance in the constant temperature anemometer,
and Rw is the wire resistance.

For calibration purposes, the wire Reynolds num-
ber is given by

Rew =
ρUd

µ
(11)

where ρU is known from Equation 8.

An analytical expression of the mass flow fluctu-
ations computed from this calibration procedure was
found for small fluctuations. The fluctuations can be
expressed by:

ρ̃U

ρU
≈ 2

n

Ẽ

E
(12)

where ρ̃U is a fluctuating mass flux, ρU is the mean
mass flux, Ẽ is a fluctuating voltage, and E is the
mean voltage.

Thus the fluctuation levels calculated using this
calibration scale with 1

n . Clearly, the fluctuation lev-
els will be very dependent on the value of n found in
fitting the data. The closer n is to 0, the larger the
calculated fluctuations will be. Interestingly, the fluc-
tuation levels do not depend on the value C at all.

An additional wire was used to measure the tem-
perature at the hot-wire location. Runs with two wires
in the contraction were made for initial stagnation
pressures of 8, 15, 25, 35, 45, 65, 90, 105, 125, and
140 psia. These pressures were chosen because over
the course of these 6 second runs, almost every pres-
sure between 6 and 140 psia was reached by at least
one run. The order in which the initial pressures were
run was different than this list, however, in order to
remove any sort of dependence on the sequential pres-
sure change. The wire connected to the CTA was po-
sitioned on the centerline. The temperature-sensing
wire was positioned 0.18 inches below this.

In order to calibrate the wire, the entire run was
broken up into smaller periods of length ∆t. Each of
these periods was used as a data point for finding a
calibration relationship for the wire.

The flow temperature was directly sensed by the
wire connected to the CCA. The thermal conductivity
of the air in the contraction was then calculated from
Sutherland’s thermal conductivity relation [33]:

k = 0.0241

(
T

273

) 3
2 467
T + 194

(13)

where T is the temperature.
Viscosity was found from Sutherland’s viscosity

law [33]:

µ = 0.00001716

((
T

273

) 3
2 384
T + 111

)
(14)

In both cases, units are MKS. The collected data
were used to compute many Nu-Rew data points.
A non-linear least-squares solver in Mathematica was
used to fit the data by finding the best C and n of
Equation 9 to fit the data.
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Figure 21: Nu vs. Rew for the power-law calibration

Figure 21 shows the calibration. Here, the wire
Reynolds number is plotted against the Nusselt num-
ber. The best fit was found by

Nu = 0.970Re0.286
w (15)

As was mentioned before, the mass-flow fluctua-
tions computed from this calibration procedure will
scale with 1

n (Equation 12). It is essential to examine
the change in n for a range of ∆t’s to ensure that the
value of n is not based on this parameter. Addition-
ally, the extent to which the calculated C and n give
the best fit of the data must be examined.

The same data shown in Figure 21 were processed
for different ∆t’s. The computed curve-fit parameters
are shown in Table 2. As can be seen, for ∆t ranging
from 0.005 to 0.500 seconds, there is only about a 0.1%
change in n. This demonstrates that the value of n is
not very dependent on the value of ∆t.

∆t C n
0.500 0.971786 0.285257
0.200 0.970180 0.285528
0.100 0.970182 0.285529
0.050 0.969938 0.28556
0.020 0.969792 0.285574
0.010 0.969744 0.285579
0.005 0.969721 0.285583

Table 2: Calibration constants calculated for different
∆t’s

For calculations of mass-flow fluctuations, a ∆t of
0.01 seconds was chosen because it gave a reasonable
number of data points over which to average. It has
been shown that the period of the reflecting expansion
wave in the driver tube is approximately 200 ms. If the

chosen ∆t were too large, many of the aforementioned
time periods would include the quasi-static pressure,
temperature, and density drop associated with the
passing expansion wave. This would skew the mean
value for that time period and also introduce a higher
RMS. With a ∆t of 0.01 seconds, only about 1 in ev-
ery 20 time periods spanned a passing expansion wave,
thus minimizing the effect of the wave.

In order to gain a better understanding of the cal-
ibration parameters, it was useful to make a plot in
C − n space of how unique the calculated calibration
constants were. For a given ∆t, Nusselt number and
Reynolds number were computed for all calibration
data. These values were input into a code which varied
C and n over a prescribed range. A correlation coef-
ficient for a linear relationship between the the right
and left sides of Equation 9, was calculated. It was
found that only one C − n parameter pair fit the data
well. This signified that the calibration was unique
and trustworthy [28].

Another hot-wire calibration for similar flow con-
ditions was found. The calibration relation is taken
from Miley and Horstmann [34, 35] and is as follows:

A + B
E2

kf (Tw − Te)
= Rea

fσb (16)

where A, B, a, and b are constants found from a non-
linear least squares fit of the data, E is the hot-wire
voltage, k is the thermal conductivity, Tw is the wire
temperature, Te is the air temperature, Re is Reynolds
number based on wire diameter, and σ is the ratio of
density of the air to the density of air at sea level. The
subscript “f” denotes quantities found at film condi-
tions, defined as the average temperature of the wire
and the surrounding fluid.

Miley used this relation to calibrate a hot wire us-
ing data collected both in ground facilities and also
from a small low-speed airplane flying at different al-
titudes. The use of airplane data provided an environ-
ment of incompressible flow, but with different temper-
atures and densities. The conditions in the contraction
entrance are very similar to this. Miley’s data from
ground tests and airplane tests collapsed nicely using
Equation 16.

This calibration technique was also studied in or-
der to affirm its validity for present experimentation.
An analytic analysis of the mass flow fluctuations
was again performed to determine the sensitivity to
changes in the empirical parameters. It was found
that numerous parameter-pairs collapsed the data us-
ing this calibration. Thus, it was determined that this
calibration procedure was not suitable for the condi-
tions in the contraction of the BAM6QT [28].
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Figure 22: Mass-flow fluctuations on centerline for dif-
ferent ∆t during different runs

Mass-flow fluctuations
With a calibrated hot wire, the mass-flow fluc-

tuations in the contraction could be easily measured.
Mass-flow fluctuation levels were found for yc=-6.00,
-3.00, 0.00, 3.00, and 6.00 inches. As before, data were
sampled at 200kHz in Hi-Res mode.

The hot-wire oscilloscope trace from a particular
run was converted into mass flow via the calibrations.
Both calibrations have a term which is the Reynolds
number raised to a power. The Reynolds number was
broken up into the mass flow and the quantity d

µ . All
quantities other than the mass flow were known. Thus,
mass flow was inferred from the Reynolds number for
each calibration.

Each run was broken up into periods ∆tmff . The
RMS for each ∆tmff was divided by the mean mass-
flow for that period and multiplied by 100 to convert
to a percentage.

In order to ascertain the effect on the mass-flow
fluctuations of using a different ∆t in the calibration
procedure, the fluctuation levels were also calculated
using the calibration for a ∆t of 0.10 seconds. Fig-
ure 22 shows fluctuation levels computed for both ∆t’s.
As can be seen, the difference was negligible as it was
on the order of 0.03%. The different bands of noise
levels correspond to different runs. It is unclear why
noise levels are consistently higher at the beginning of
each run and then drop off with time.

Figure 23 is the uncalibrated power spectra of the
pre-run voltage for pressures of 8, 35, 65, 90, and
140 psia and Figure 24 is the power spectra of the mass
flux calculated over the time period from 1.0 seconds to
4.5 seconds. The pre-run spectra is uncalibrated since
there is no mass flux in the pre-run and thus apply-
ing the calibration to the pre-run voltage would give
nonsense mass fluxes. It is still useful, however, to see
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Figure 23: Pre-run power spectra for five pressures
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Figure 24: Spectra for run data at five pressures on
the centerline

which frequencies are most prevalent in the nominally
stagnant air. In all spectrum plots, (ρu)fluc repre-
sents a fluctuating mass flux and (ρu)mean represents
the mean mass flux.

All power spectra were calculated using the “spec-
trum” command in MatLab. This subroutine calcu-
lates the power spectrum based on the specified num-
ber of points per FFT window and the sampling fre-
quency at which the data were collected. In all cases,
1000 points were used for each FFT window. This
allowed a frequency resolution of 200 Hz.

Calibrated data were used for all but the pre-run
spectra. For each 1000 data points, the mean mass
flux was calculated. This was subtracted from the in-
stantaneous mass flux and was then normalized by the
mean mass flux. The power spectra were then calcu-
lated from this quantity. Most of the differences be-
tween the pre-run and run spectra are for the higher
frequencies. The peak frequencies increase from about
65kHz in the pre-run to between 65 and 80kHz during
the runs.

In Figure 24, the peak frequency shifts by about
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Figure 25: Average fluctuation levels for all locations
and pressures examined

10kHz as pressure increases from 8 psia to 140 psia.
There are also several large spikes at around 8, 56,
and 61 kHz. These are thought to be due to electronic
noise since they are present in the pre-run spectra as
well. The pre-run spectra also have very large spikes
below about 26 kHz. These are most likely due to the
observed free convection in the contraction for stag-
nant air. This explains their absence in Figure 24.

It is curious that during the runs, the majority of
the spectral content is found between 60 and 100kHz.
This is not the case for the pre-run data, and it is
unknown why this is the case.

Noise levels were also found at yc=-6.00, -3.00,
3.00, and 6.00 inches. In order to present all of the
data in one simple figure, the average percent-mass-
flow-fluctuation level was calculated for each run. Fig-
ure 25 shows these values plotted against yc. A line is
also included showing the 1% level. As can be seen,
for yc=-6.00, -3.00, 0.00, and 3.00 inches, the average
fluctuation levels are very similar, ranging from about
0.8% to 1.1%. The fluctuation levels at 6.00 inches
are significantly higher, ranging from about 0.95% to
nearly 1.7%.

Following Beckwith’s criterion of maintaining set-
tling chamber noise levels of less than 1% [26], the
fluctuations in the driver tube of the BAM6QT are,
on average, marginally too high for yc=-6.00, -3.00,
0.00, and 3.00 inches. During the course of all of these
runs, with the possible exception of runs at 8, 15, and
25 psia, the noise level is greater than 1% for a signif-
icant portion of the total run. A more detailed report
of the contraction noise levels can be found in Refer-
ence [28].

At yc=6.00 inches, the noise levels are even higher,
with only 15 and 35 psia having an average RMS less
than 1%. This demonstrates the non-uniformity of the
driver-tube noise.

Due to differences between the tunnels used by
Beckwith and the BAM6QT, it is possible that the
observed noise levels are sufficiently low and do not
preclude quiet flow. Beckwith worked with tunnels
with much smaller contraction ratios than that of the
BAM6QT. For instance, the contraction ratio of the
Supersonic Pilot Quiet Tunnel was only about 35,
and for the Mach-5 Pilot Tunnel this ratio was about
88 [26]. The BAM6QT has a contraction ratio of about
145. It is conceivable that for a sufficiently large con-
traction ratio, enough driver-tube noise would be re-
flected back into the driver tube and not transmitted
into the nozzle that driver-tube noise levels of greater
than 1% would not affect transition in the nozzle. It is
possible that noise levels greater than 1% are accept-
able for this facility.

Thus, from these results alone, it is difficult to de-
termine whether the driver-tube noise could be adding
to nozzle free-stream noise or affecting transition of the
nozzle-wall boundary layer. Further characterization
of the fluctuations in the contraction is clearly in order.

Uncalibrated Boundary-Layer
Measurements

In order to fully understand the nature of the flow
present in the contraction, the boundary layer there
cannot be neglected. There has not been a great
deal of research into boundary-layer growth in Lud-
wieg tubes. What has been done seems to ap-
ply only to small-diameter Ludwieg tubes with run
times on the order of tens or hundreds of millisec-
onds [36, 37, 38, 39]. This is not the case for the
BAM6QT. Additionally, the reflecting expansion wave
makes understanding and predicting this boundary
layer complicated and difficult. Nevertheless, some
precursory work was done to try to understand the
nature of the contraction-wall boundary-layer.

Uncalibrated measurements were made near the
upper wall of the contraction. At the time of this inves-
tigation, the wire calibration procedure had not been
established. Additionally, parameters such as Mach
number, temperature, and viscosity, since viscosity is
a function of temperature, are not the same in the
boundary layer. Thus, the current calibration tech-
nique would not hold in the boundary layer.

All runs had an initial stagnation pressure of
45 psia. Runs were made for yt=0.02 to 0.30 inches
in 0.025-inch increments. Additional runs were made
at yt=1.02, 2.02, 3.02, 4.02, and 5.02 inches from the
upper contraction wall. These distances were chosen
because a very simple boundary-layer model predicted
a thickness of around 0.1 inches.
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Figure 26: Uncalibrated hot-wire voltage in boundary
layer

As the probe traversed the boundary layer, the
mean voltage should have increased until it reached its
maximum value in the free stream. Figure 26 shows
the results of these runs. Here, yt is plotted against
the mean hot wire voltage, averaged over 0.01 seconds,
for 6 different times during the runs.

The figure indicates that the hot-wire voltage gen-
erally increased as distance from the wall increased. If
the probe were always outside the boundary layer, the
mean voltage should be invariant with time. No loca-
tion ever showed a constant voltage for all times. In-
stead, each location showed the voltage dropping with
time. This would be expected if the probe were in a
growing boundary layer. As the boundary layer grew
thicker, a fixed yt location would move further from
the boundary-layer edge and thus the mass flux would
drop. Since this was the observed behavior, it seems
that the probe was in a growing boundary layer at all
the yt locations examined.

It is also of note that for yt > 1.0 inches, the mean
voltage at 1.0 second is about the same. However, as
yt was increased from 1.02 to 5.02 inches, the total
voltage drop over the run decreased markedly. This
indicates that for yt > 1.0 inches, the probe was ini-
tially outside the boundary layer but then the bound-
ary layer grew to contain those locations. The data in-
dicate that the upper-wall contraction boundary-layer
grows to be at least 5 inches thick by 6.0 seconds into
a run at 45 psia.

Qualitative Changes Near the Wall
It was noted that the qualitative nature of the hot-

wire oscilloscope traces changed markedly the closer
the wire was to the top contraction wall. Figure 27
highlights this difference. Three oscilloscope traces
are shown. One was for the wire located on the con-
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Figure 27: Oscilloscope traces at yc=6.00, 0.00 and
-6.00 inches for 45 psia

traction centerline. The others were located at 6.00
and -6.00 inches. All three are for an initial stagna-
tion pressure of 45 psia. Here, only every 100th point
is plotted. As usual, the Tektronix TDS7104 oscillo-
scope was used and was operated in Hi-Res mode with
a sampling frequency of 200kS/s.

The trace on the centerline behaves as would be
expected. The data recorded between -1.0 and 0.0 sec-
onds corresponds to pre-run data. The large jump in
voltage at 0 seconds corresponds to the startup of the
tunnel. There is a slight bump in the trace at around
4.5 seconds after which point the voltage begins to
decrease until the end of the run. The trace at yc=-
6.00 inches is almost indistinguishable from that of the
centerline. The trace for the wire at yc=6.00 inches be-
haves very differently. At about 4.0 seconds, there is a
sharp, dramatic decrease in voltage followed by a slight
recovery and then high noise until the end of the run.
Also, the voltage spikes due to the reflecting expan-
sion wave are no longer discernible. These spikes are
periodic and visible at approximately 200 millisecond
intervals. This sort of behavior was present in varying
degrees for different pressures.

It is thought that the large, sudden voltage drop
for the oscilloscope trace corresponding to the hot wire
at yc=6.00 inches is due to the wire’s inclusion in
the boundary layer. Hot-wire voltage drops with de-
creased mass flow. The decreased mass flow in the
boundary layer would cause such a drop in voltage.

It is of note that this behavior is not seen for
the oscilloscope trace corresponding to a wire loca-
tion of yc=-6.00 inches. This implies that the probe
is never in the lower contraction-wall boundary-layer,
even though it is the same distance from the wall
as the traces that appear to be in the upper-wall
boundary layer. Some boundary layer thickening is
expected along the top wall because of the previously
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seen stratification in the driver tube in the pre-run.
The stratification makes the initial conditions along
the upper wall different than those along the bottom
wall. This seems to cause quite a dramatic asymme-
try in the boundary layer, if that indeed is the cause
of the oscilloscope-trace deformities noted at all pres-
sures 6.00 inches above the centerline.

The data here indicate that a more thorough in-
vestigation of the contraction-wall boundary layer is in
order. This would help resolve the present uncertain-
ties. It is clear, however, that there are large asym-
metries in the flow in the contraction. These asymme-
tries could easily introduce unwanted disturbances and
asymmetries in the nozzle flow further downstream. In
order to mitigate these disturbances, they must first be
properly understood through more experimental work.

Plans for Future Work
To address some of the unresolved issues, the fol-

lowing procedures should be carried out in the con-
traction of the BAM6QT.

1. Insert a plug into the nozzle throat to see if this
mitigates free convection effects

2. Vary contraction and driver-tube temperatures to
obtain a more uniform temperature profile

3. Use a hot wire with a different aspect ratio to
confirm noise levels

4. Investigate the boundary layer and its effects more
thoroughly and, if possible, include them in the
calibration procedure

5. Make measurements further upstream in the
driver tube and compare

6. Introduce disturbances of known spectral content
into the end of the driver tube and determine the
percent of the disturbance that is transmitted into
the test section

7. If possible, employ some of Beckwith’s techniques
to mitigate driver tube noise

Summary

Purdue continues to develop the Boeing/AFOSR
Mach-6 Quiet tunnel. Recent modifications to the
surrogate aluminum nozzle throat yielded repeatable
quiet flow to approximately 94 psia. A 0.001 inch kink
in the bleed lip was apparently responsible for the low-
Reynolds number transition observed in the electro-
formed throat.

The current study has greatly expanded knowl-
edge of the flow in the contraction entrance of the
BAM6QT and has also served to highlight areas in
which further study is necessary. Several aspects of
the contraction were examined in order to character-
ize the condition of the flow there.

Free convection in the nominally stagnant pre-run
air was found to be a source of significant disturbances.
This free convection is thought to have been caused
by the large temperature gradient that is present over
the length of the contraction wall. The gradient led to
non-uniform temperatures in the contraction, which
induced the free-convection currents.

The temperatures in the contraction above the
centerline, during the pre-run and also during the run,
were found to be significantly higher than those on the
centerline. After the beginning of the run, the temper-
atures at that location remained higher than on the
centerline, but the difference was much smaller, only
about 15◦C.

This shows that the contraction wall is actually
much hotter than the set point of 160◦C, even though
the driver-tube walls are near the set point. The con-
traction overheating appears to be caused by the outer
sides of the controlling thermocouples that were left
open to the room air. Heat is transferred from their
outer sides into the room, making them read a mis-
leading lower temperature. Modifying the contraction
band-heater set-points did lower the observed temper-
ature in the contraction, but the perfect settings were
not found to make a uniform 160◦C temperature pro-
file.

The ratio of the time-dependent stagnation tem-
perature to the initial stagnation temperature was also
computed for a variety of pressures and yc stations.
These data were compared to a simple isentropic the-
ory for the drop in stagnation-temperature ratio. For
most of the locations and pressures studied, the data
matched the theory well. However, for yc=6.00 and,
in some cases, 3.00 inches, the theory overpredicted
the drop. It is thought that the higher pre-run tem-
peratures present near the upper contraction wall are
mostly responsible for the deviation from theory. How-
ever, the slopes of the curves still often did not match
the theoretical slope. This is thought to be due to a
thick thermal boundary layer on the upper contraction
wall during a run caused by the excessively heated con-
traction walls and also the stratification of the air in
the driver tube prior to a run. This thermal boundary
layer appears to be asymmetric due to pre-run strati-
fication of the air in the driver tube and was observed
to be much thinner along the bottom wall because it
was not observed at yc=-6.00 or -3.00 inches.

Two methods were used to calibrate hot wires in
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the incompressible, varying density flow of the con-
traction. It was found that the established method
of Miley and Horstmann is not suitable for the condi-
tions of this experiment. Another calibration method
was found that avoided the shortcomings of the Miley
method. The Nusselt number was related to the wire
Reynolds number via a power-law relationship. It was
found that there was only one unique power fit of the
data. This led to a stable and trustworthy calibration.

Mass-flow fluctuations were found for many pres-
sures at many yc locations using this calibration.
The levels at all but the 6.00 inch locations are
marginally too high according to Beckwith’s criterion.
At 6.00 inches, they are definitely too high. However,
the BAM6QT has now been demonstrated to run qui-
etly to about 95 psia. Thus, driver-tube noise cannot
be held responsible for the previous early nozzle-wall
boundary-layer transition. It is still possible, however,
that the current noise levels will preclude quiet flow to
higher stagnation pressures. The fluctuation levels in
the driver tube cannot yet be considered low enough
to not threaten future quiet-flow development. Addi-
tional work is clearly in order.

A precursory examination of the contraction-
entrance boundary-layer was also undertaken. Ini-
tial measurements at 45 psia showed a boundary layer
thickness of at least 5 inches by the end of a run at an
initial stagnation pressure of 45 psia. This preliminary
data were substantiated by examining a qualitative
change between a hot-wire voltage trace on the cen-
terline and one at yc = 6.00 inches. None of this was
evident for hot-wire traces taken at yc=-6.00 inches,
suggesting an asymmetric contraction-wall boundary
layer. Further work is clearly in order in this area as
well.
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