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Abstract

Purdue University continues to develop a 9.5-inch
Mach-6 Ludwieg tube for quiet-flow operation to
high Reynolds number. The design, fabrication,
and initial operation were reported earlier. The
present paper reports progress in achieving and char-
acterizing the quiet Mach-6 flow, and in developing
instrumentation. A new design for the bleed-slot
throat geometry enabled achieving some initial quiet
flow, although only at very low Reynolds numbers
of about 200,000. A thicker hot wire of 0.0002-
inch diameter is successfully surviving many tun-
nel runs. Preliminary measurements were obtained
on the Hyper2000 generic scramjet forebody using
temperature-sensitive paint. These show the devel-
opment of streamwise vortices from the leading edge
imperfections. These vortices become much more
evident following the first compression corner, and
can be generated in a controlled fashion using small
roughness strips on the leading edge.

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 bound-
ary layer properties. However, the mechanisms lead-
ing to transition are still poorly understood, even in
low-noise environments. Applications hindered by
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this lack of understanding include reusable launch
vehicles such as the X-33 [1], high-speed intercep-
tor missiles [2], hypersonic cruise vehicles [3], and
ballistic reentry vehicles [4].

Many transition experiments have been carried
out in conventional ground-testing facilities over the
past 50 years. 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 [5]. These noise levels, typi-
cally 0.5-1% of the mean, are an order of magnitude
larger than those observed in flight [6, 7]. These
high noise levels can cause transition to occur an
order of magnitude earlier than in flight [5, 7]. In
addition, the mechanisms of transition operational
in small-disturbance environments can be changed
or bypassed altogether in high-noise environments;
these changes in the mechanisms change the para-
metric trends in transition [6].

For example, linear instability theory suggests
that the transition Reynolds number on a 5 degree
half-angle cone should be 0.7 of that on a flat plate,
but noisy tunnel data showed that the cone tran-
sition Reynolds number was about twice the flat
plate result. Only when quiet tunnel results were
obtained was the theory verified [8]. Clearly, tran-
sition measurements in conventional ground-test fa-
cilities are generally not reliable predictors of flight
performance.

Development of Quiet-Flow Wind Tunnels

Only in the last two decades have low-noise su-
personic wind tunnels been developed [5, 9]. This
development has been difficult, since the test-section
wall boundary-layers must be kept laminar in order
to avoid high levels of eddy-Mach-wave acoustic ra-
diation from the normally-present turbulent bound-
ary layers. A Mach 3.5 tunnel was the first to be
successfully developed at NASA Langley [10]. Lan-
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gley then developed a Mach 6 quiet nozzle, which
was used as a starting point for the new Purdue
nozzle [11]. Unfortunately, this nozzle was removed
from service due to a space conflict. Langley also
attempted to develop a Mach 8 quiet tunnel [9];
however, the high temperatures required to reach
Mach 8 made this a very difficult and expensive ef-
fort. This tunnel was officially shut down in early
2001; quiet flow was not achieved and prospects for
eventual success were judged poor (Steve Wilkin-
son, private communication, 2000). The new Pur-
due Mach-6 quiet flow Ludwieg tube may become
the only operational hypersonic quiet tunnel in the
world, at least until the old Langley Mach-6 nozzle
is brought back online.

Background of the
Boeing/AFOSR Mach-6 Quiet Tunnel

A Mach-4 Ludwieg tube was constructed at Pur-
due in 1992, using a 4-inch nozzle of conventional
design that was obtained surplus from NASA Lang-
ley. By early 1994, quiet-flow operation was demon-
strated at the low Reynolds number of about 400,000
[12]. Since then, this facility has been used for de-
velopment of instrumentation and for measurements
of instability waves under quiet-flow conditions (e.g.,
Ref. [13, 14, 15]). However, the low quiet Reynolds
number imposes severe limitations; for example, the
growth of instability waves under controlled condi-
tions on a cone at angle of attack was only about a
factor of 2 [16]. This is far smaller than the factor of
e9
− e11 typically observed prior to transition, and

small enough to make quantitative comparisons to
computations very difficult.

A facility that remains quiet to higher Reynolds
numbers was therefore needed. The low operating
costs of the Mach-4 tunnel had to be maintained.
However, hypersonic operation was needed in order
to provide experiments relevant to the hypersonic
transition problems described earlier. Operation at
Mach 6 was selected, since this is high enough for
the hypersonic 2nd-mode instability to be dominant
under cold-wall conditions, and high enough to ob-
serve hypersonic roughness-insensitivity effects, yet
low enough that the required stagnation tempera-
tures do not add dramatically to cost and difficulty
of operation. Reference [17] describes the overall de-
sign of the facility, and the detailed aerodynamic de-
sign of the quiet-flow nozzle, carried out using the eN

method. A detailed aerodynamic design of the con-
traction was also carried out [18]. Reference [18] also
supplies a preliminary report on the detailed me-
chanical design of the nozzle and contraction. Ref-

erence [19] reported on design and testing of some
of the component parts, including the driver-tube
heating, the as-measured contraction contour, the
throat-region mandrel fabrication and polishing ex-
perience, and so on.

Ref. [20] reports on the design and fabrica-
tion of the support structure, diffuser, and second-
throat section (which also serves as the sting sup-
port). It also reports experience with final contrac-
tion fabrication, and with operation of the vacuum
system. Ref. [20] also reports on the contour mea-
surements on the third attempt at throat-mandrel
fabrication, which completed polishing with good
success. Ref. [21] reports (1) the nozzle fabrication,
including some of the wall-contour measurements,
(2) the contraction-region heating apparatus, (3) the
burst-diaphragm tests, (4) the bleed-slot suction sys-
tem, (5) the electroformed throat properties, and (6)
initial hot-wire calibrations.

Ref. [22] reports the rest of the measurements of
the as-fabricated nozzle, including initial measure-
ments of tunnel performance. The mean flow and
fluctuations were measured in the centerplane us-
ing fast pressure transducers (cp. Ref. [12]). Ref.
[23] reported on progress in tunnel shakedown and
instrumentation development, including efforts to
achieve the desired quiet flow by modifying the ge-
ometry of the bleed-slot throat, and initial attempts
to measure the stagnation temperature in the flow
using cold wires. Ref. [24] reported the stress-
analysis and testing of the initial conformal window,
fabricated in 2001. The present tunnel name was
adopted in Spring 2001.

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.
These features make the noise level in quiet facil-
ities an order of magnitude lower than in conven-
tional facilities. To reach these low noise levels, con-
ventional 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 boundary layer, and a large set-
tling chamber with screens and sintered-mesh plates
for noise-reduction [5]. To reach these low noise lev-
els in an affordable way, the Purdue facility has been
designed as a Ludwieg tube [12]. A Ludwieg tube is
a long pipe with a converging-diverging nozzle on the
end, from which flow exits into the nozzle, test sec-
tion, and second throat (Figure 1). A diaphragm is
placed downstream of the test section. When the

2



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

diaphragm bursts, an expansion wave travels up-
stream through the test section into the driver tube.
Since the flow remains quiet after the wave reflects
from the contraction, sufficient vacuum can extend
the useful runtime to many cycles of expansion-wave
reflection, during which the pressure drops quasi-
statically.

Figure 2 shows the nozzle of the new facility.
The region of useful quiet flow lies between the char-
acteristics marking 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. The onset of turbu-
lence is drawn for several computational predictions,
although quiet flow has not yet been achieved except
at very low Reynolds numbers. A 7.5-deg. sharp
cone is also drawn on the figure.

Progress with the
Probe Traversing Mechanism

The test section traverse system has recently been
improved (see Ref. [23] for a description of the
original system). Some of the hardware was re-
designed to correct galling problems with the probe-
support rods. The traverse control software and in-
put/output connections have been updated to allow
for external triggering of the probe motion and for
triggering an oscilloscope from the probe motion.

The probe support rods had been binding up
in the sliding bars, probably due to friction with
the O-ring seals, misalignment or bending of the
rods, and warping of the original bronze sliding bars.
Therefore, a new support system has been designed
and built. It includes self-aligning linear bearings to

guide the probe support rods and wiring tube. The
bearings are housed in a new, stainless-steel top slid-
ing bar. Hydraulic-shaft seals replace the O-rings
previously used to seal the rod and tube passages.
A larger central tube is used to convey wiring out of
the tunnel. This tube is sealed at the top (outside
the tunnel) with a Conax probe seal. New Kulite
and hot wire probes have been built for use with the
new system. The slider-bar clamping-block design
has also been updated.

The stepper motor and its control system have
been tested and are now operational. Commands are
sent from a PC, either in manual mode or through
an automated program. Software has been written
to enable the traverse to trigger from an external
signal, such as the initial pressure drop in the tun-
nel. System operation has been verified using an
external trigger from a function generator. The con-
trol software has also been updated to send a probe
moving/not-moving signal to an oscilloscope. This
has not yet been successfully tested.

In the near future, a triggering system connect-
ing an oscilloscope to the traverse control box will be
developed to allow triggering from the initial pres-
sure drop at tunnel start-up. The motion of the
probe will be verified using a telescope and reticle
and a tunnel test-section reference jig. A feedback
loop in which an encoder measures the travel of the
linear positioner and conveys this information to a
computer will be developed. This will provide an in-
dependent measurement of the location of the probe
in the tunnel and will potentially allow for on-the-fly
motion adjustments.
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Figure 2: Schematic of Mach-6 Quiet Nozzle with Model

Hot-Wire Instrumentation

Improvements in our calibration methods are cur-
rently underway, with measurements to be carried
out both in the Mach-6 Ludwieg tube and in a 1-
inch jet at about Mach 3.5. The hot-wires are to be
calibrated in the 1-inch jet, which was recently mod-
ified to achieve less noisy flow. The jet was modi-
fied to improve the contraction and add a sintered-
metal plate in the settling chamber to reduce valve
noise. The stagnation temperature and pressure can
be controlled independently in the jet, which should
allow reliable calibrations down to the low Reynolds
numbers observed in the Mach-6 tunnel. The Mach-
number independence principle of hot-wire opera-
tion may also be tested, using a second nozzle with
a higher Mach number.

Because of the small size and sensitivity of hot
wires, they are very easily broken in wind-tunnel
runs. For this reason, the hot wires have been tested
at various tunnel pressures and temperatures to ver-
ify that they will survive the start-up, run, and
shut-down conditions in the tunnel. The tests were
all conducted using a Purdue-built constant-current
anemometer that supplies 2.5 mA from a REF01
IC and amplifies the cold-wire voltage using INA103
IC’s. The data were acquired on a LeCroy oscillo-
scope at 10 kHz for 20 sec. The sampled data were
averaged over running intervals of 11 points to re-
duce the high frequency noise. For each of these
runs, the wire was placed very near to the centerline

of the tunnel, at about z = 89 inches.

The hot-wire probes were specially fabricated
following earlier JPL designs to provide minimal
blockage in boundary-layer measurements. The as-
sistance of Jim Kendall in this regard has been
greatly appreciated. The needles are mounted to a
piece of razor blade on the end of a 0.030-inch wide
strut that is about 3/4-inch long. The wire is welded
onto the two needles, which have a tip diameter of
0.003 in. A slight bow is left in the wire to avoid
strain and excess vibrations on the wire during a
test.

The first wires tested were Platinum/10%
Rhodium (Pt/Rh), with a diameter of 0.0001 in.,
a typical length/diameter ratio of 300-350, and a
cold resistance of 30-35 ohms. These broke repeat-
edly during shut-down of the tunnel [23]. When the
wire was placed on the centerline of the tunnel and
no model was in place, the wire survived at most 3
runs at very low pressures, near 1 atm. stagnation.
The wire broke during shut-down for every run at
higher pressures, above 30 psig.

To address this problem, a thicker Pt/Rh wire
was built; this had a diameter of 0.0002 in., a
length/diameter ratio of 100, and a cold resistance
of about 6 ohms. Six tests were run using this wire,
two at atmospheric pressure, one at 46 psia, one at
77 psia, one at 104 psia, and one at 132 psia. The
wire survived all six tests, followed by 11 more, for
a total of 17, before breaking at the end of a run
during tunnel shutdown.
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Figure 3: Cold Wire Traces

Figure 3 shows cold-wire traces for the runs at
14.6, 104 and 132 psia. All the runs were made with
a driver temperature of approximately 420K. The
wire temperature is calculated using the oven cali-
bration, normalized by the initial driver-tube tem-
perature, and plotted against time, where t = 0 at
the beginning of the run, and the run ends at about
t = 9 sec. The temperature of the wire at t < 0
does not equal that of the driver temperature be-
cause only the driver and contraction sections of the
tunnel are heated, while the section where the hot
wire is located remains near room temperature. The
figure shows that the ratio of wire temperature to
driver temperature increases with increasing pres-
sure, indicating an increase in recovery factor with
increasing Reynolds number. It is not known why
the slope of the 14.6-psia curve does not match that
of the higher-pressure curves. Future plans include
more work in the calibration jet, and tunnel tests
of intermediate wire diameters and length/diameter
ratios.

Effect of Driver Tube
Temperature on Noise

The driver-tube and contraction temperatures were
varied to examine the effect that stagnation temper-
ature has on tunnel noise. Runs were performed at
approximately 30 deg. C increments, ranging from
room temperature to 180 deg. C. Initially, conden-
sation effects were expected for the lower tempera-
tures, but as reported in Ref. [23] they have not yet
been observed. All of the runs had a stagnation pres-
sure within 0.2% of 80.8 psia. The measurements
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Figure 4: Mach Number vs. Driver Tube Tempera-
ture

were made using a 0-15 psia mechanically-stopped
Kulite pressure transducer (XCQ-062-15A) placed
on the tunnel centerline at z = 84.0 in. Dry air
was used, with an estimated dewpoint of -20 deg.
C (based on later measurements after a dewpoint
meter was installed), and the driver-tube air was al-
lowed to equilibrate for a half hour before each run.
The Mach number as a function of driver tube tem-
perature is shown in Figure 4. There does not ap-
pear to be any systematic variation of Mach number
with driver tube stagnation temperature, but there
is some scatter with a difference of 1.8% between the
high and low Mach numbers. This is somewhat un-
expected as the Mach number should change when
the temperature is low enough for nitrogen conden-
sation to occur.

Although temperature has no effect on Mach
number, Figure 5 shows that there is definitely an
increase of freestream noise as the stagnation tem-
perature is increased. The RMS pitot fluctuations
are plotted as a percentage of the mean. All of
the RMS values calculated were above the quiet-
tunnel limit of 0.1%, but the noise decreases by a
factor of about 4 as the driver-tube temperature
decreases from 180◦C to 20◦C. The cause of this
remains unexplained, although it is doubtless asso-
ciated with a reduction in the radiation from the
turbulent boundary layer on the nozzle wall. The
authors are not aware of any published literature in
which this effect is explicitly described, although it
may be implicit in previously-published correlations
to the boundary-layer properties [25, 26]. Since
the reduction in noise is not sufficient to make the
tunnel quiet, it is mainly of interest in analyzing
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Figure 5: Pitot Fluctuations vs. Driver Tube Tem-
perature

conventional-tunnel measurements of transition. It
is evident that such measurements should be ex-
pected to contain not only unit-Reynolds number
effects due in part to changes in nozzle-wall noise
radiation, but also tunnel-temperature effects due
in part to the same effect.

Blockage Tests

Sharp Cone at Zero Angle of Attack

Runs were made with a 7-deg. half-angle sharp
blockage cone at nominal initial driver-tube pres-
sures of approximately 120 psig and temperatures of
approx. 160 deg. C. Base diameters of 4, 4.5, 4.75,
5.5, and 5.75 inches were used. Figs. 6 and 7 show
pitot traces for the 4 and 5.75-inch base-diameter
cones. The probe was within about 1 inch from the
surface for all of the runs, about 14 inches aft of
the cone tip. A Taylor-Maccoll solution for a 7-deg.
sharp cone shows that this places the probe behind
the shock. The diaphragm breaks at about 0.0 sec.,
after which there is about 0.2 sec. of startup, fol-
lowed by near-constant flow conditions. The trans-
ducer diaphragm is mechanically stopped so that it
reads a maximum of 18 psia prior to the run, al-
though the stagnation pressure is much higher.

The pitot pressure during the run is about 6
psia. The theoretical pitot-pressures behind the
shock were calculated based on the Taylor-Maccoll
solution, with a conical and isentropic flow behind
the shock and no boundary layer. The freestream
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Figure 6: Pitot Measurements Above Cone with 4-
inch Base Diameter
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Mach number was taken as 5.8 and the cone angle
was 7 deg. The calculation predicts pitot pressures
that increase from 6.67 psia to 7.36 psia, for loca-
tions ranging from the shock to the cone surface.
The experimental results are slightly lower than the
theoretical, indicating some losses, perhaps due to
viscous effects. The probe was always at least 0.25
in. from the surface of the cone, and no corrections
were made for probe misalignment.

The RMS noise was computed from the pitot
fluctuations, normalized by the pitot pressure, and
then multiplied by 100 to form a percentage. For the
4.0-in base diameter case, the mean pitot pressure
was 6.34 psia, and the RMS noise was 3.06%. For
the 5.75-in. base diameter case, the mean pitot pres-
sure was 6.40 psia, and the RMS noise was 4.43%.
The RMS noise increases with base diameter, and
is roughly 3 times larger than the freestream noise
at this pressure. The agreement in the mean pitot
pressure is sufficiently good to clearly indicate that
even the 5.75-in. base-diameter cone did start. This
is not unexpected, since the ratio of cone size to tun-
nel size is similar to that used in Mach-6 experiments
at ITAM in Russia [27].

Slab Delta at 40-deg. Angle of Attack

Blockage tests were performed using 70-deg.
swept slab-delta models that are 3/4-inch thick with
a hemicylindrical leading edge and a hand-worked
hemispherical tip. The models used for the tests
ranged from 4 to 8 inches long. The driver-tube
stagnation pressure was 120 psia for these cases, and
the stagnation temperature was 160 deg. C. The
model surface Kulite was located on the centerline
behind the mounting point on the windward surface.
A 250-psia Kulite was used for initial runs, but was
replaced with a 15-psia stopped Kulite, in order to
give more accurate results at the low pressures mea-
sured. Runs were performed both with and without
a Pitot probe in the flow.

A LATCH computation was performed by Har-
ris Hamilton at NASA Langley to predict the pres-
sure on the surface of the blockage models. The
value that is expected from this calculation is 2.07
psia for a Mach-6 freestream and a stagnation pres-
sure of 120 psia. The measured pressure was always
significantly higher than this. The pressure found
on each model is noted in Table 1, as well as the lo-
cation of the Kulite with respect to the leading edge
and trailing edge. For all of the tests, the pressure
fluctuations on both the model and the Pitot probe
were much higher than expected. The model-surface
pressure fluctuations ranged from 35% to 60% and

the Pitot pressure fluctuations ranged from 25% to
60%. Since the pressures are lower than subsonic
pressures, but not as low as expected, it is uncer-
tain what is really occurring, and whether all or
none of these models can be successfully tested in
near-uniform Mach-6 flow. It may be that the bow
shock from these blunt models is interacting with
the nozzle-wall boundary-layer to cause major dis-
turbances to the nominally-uniform flow. The au-
thors are not aware of any other measurements of
surface-pressure fluctuations on slab-delta models.

Status of Quiet-Flow Performance

The nozzle was designed using eN theory following
earlier work at Langley [17, 28, 18]; transition occurs
much earlier than was predicted. Possible causes of
the early transition on the nozzle wall include:

1. fluctuations generated at the nozzle throat due
to problems with the bleed-slot flow

2. a nozzle-wall temperature distribution that de-
creases much more rapidly downstream than
was initially expected

3. a 0.001-0.002-inch (Rek < 12) rearward-facing
step at the downstream end of the electroform
[22]. Here, Rek is a roughness Reynolds number
based on the height of the peak roughness, and
the conditions in a smooth-wall boundary layer
at the roughness height.

4. the lack of polish on the downstream nozzle sec-
tions (although Rek < 12)

5. some other problem (such as noise in the driver
tube that doesn’t show up in the low-noise pres-
sure measurements made on the contraction
wall)

6. some fundamental problem with the use of a
very long nozzle which is not captured by the
eN analysis.

Item (1) has been the main suspect. Item (2) is ex-
pected to have an effect, but not sufficiently large to
preclude quiet flow even at Re ' 3×105/ft., our low-
est operating condition so far. The Langley Mach-6
quiet tunnel was polished all the way to the end, so
although items (3) and (4) treat roughness less than
the Rek = 12 criteria set by Beckwith, perhaps this
roughness has a larger effect than expected when
it is present in the very long nozzle. In particular,
Görtler vortices can be induced by small roughness,
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Model Dist from LE Dist from TE Mean Pressure,
Length to Kulite, in. to Kulite, in. psia
4 in. 3.5 0.5 3.12 to 4.28
5 4.15 0.85 2.35
6 4.75 1.25 2.66 to 3.1
7 5.5 1.5 2.59
8 6.15 1.85 2.60

Table 1: Pressure Measurements on Slab-Delta Blockage Models

so perhaps the roughness near the beginning of the
concave-curvature section is much more critical than
the Rek = 12 criterion had led us to expect. Items
(1)-(5) will have to be ruled out, before item (6)
can be concluded. Progress in the design and fabri-
cation of quiet tunnels requires us to systematically
address items (1) - (5). If all correction efforts even-
tually failed, then we would have to conclude that
the $0.5m Mach-6 nozzle is not capable of provid-
ing high-Reynolds number quiet flow, in which case
future progress in quiet-tunnel development would
depend on determining why this is the case.

Effect of Changes in
Temperature Distribution of Nozzle

One approach towards obtaining quiet flow is
to change the nozzle-wall temperature distribution.
During the design and analysis of the nozzle con-
tour, the wall temperature was assumed to drop lin-
early from 820 R at the throat to room temperature
at section 8 [17].However, finite-element computa-
tions have shown that the temperature will drop to
ambient in the first meter of the nozzle, and mea-
surements have shown similar results [21]. Thus the
effect of changing the nozzle-wall temperature dis-
tribution was investigated by insulating portions of
the nozzle wall and contraction.

The experiments were carried out using the
Case-5 throat geometry used previously, which ex-
hibited no quiet flow [23]. Ceramic fiber insulation
that was 1-1/2 inches thick was used. Two layers
were used, since one layer was not enough to pro-
vide sufficient insulation. The pitot pressures and
fluctuations were measured with the 0.062-in Kulite
pitot probe on the centerline, 84.63 ± 1/6 in. down-
stream from the throat. The driver tube and con-
traction temperatures were set to 413 K for all the
runs to be described, except for the last run which
was set to 433 K. The initial driver-tube pressure for
all runs was one atmosphere.

A baseline case was run first, with no insulation
(Run 1). Since the tunnel had been cooled down, the
tunnel was heated for 24 hours. From this point on,
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Figure 8: Temperature Distribution in Mach-6 Quiet
Nozzle

insulation was added progressively, in the following
regions in order: Run 2: throat (nozzle sections 1
and 2), Run 3: downstream portion of contraction,
Run 4: nozzle sections 3 and 4, Run 5: nozzle section
5, Runs 6 and 7:the upstream portion of the contrac-
tion. Runs 6 and 7 have identical insulation config-
urations, only the upstream driver and contraction
temperature was changed. Table 2 summarizes the
runs.

The measured nozzle temperature distributions
for all cases are shown in Figure 8. The first two
data points correspond to the 2nd and 3rd ther-
mocouples, which are positioned as shown by the
crossed-circles in Figure 9. The origin of the z-axis
is at the throat. The overall temperature increases
as each section of insulation is added, as would be
expected. The last case labeled ‘Skoch’ was mea-
sured previously, without insulation, with the tun-
nel heated to 433 K. Figure 10 shows the same data,
normalized by the respective driver-tube tempera-
ture. This plot clearly shows that using the insu-
lation raises the temperature significantly, although
less than initially expected.
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Run Wait Time Initial Driver Initial Driver Pitot Noise Level
No. (hours) Temperature (K) Pressure (psia) (percent of mean)
1 24 413 14.477 5.7742
2 14 413 14.455 5.6658
3 25.5 413 14.547 5.5275
4 21 413 14.446 5.6918
5 18.5 413 14.527 5.5197
6 21.5 413 14.486 5.4695
7 12 433 14.407 5.2166

Table 2: Conditions and Resulting Noise Levels for Different Nozzle Wall Temperature Distributions

Figure 9: Drawing of Thermocouple Locations in Mach-6 Quiet Nozzle
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Even though the temperature has increased
overall, the plots show that the temperature still
drops near ambient about 45 inches from the noz-
zle throat. This is only about 10 in. downstream of
the uninsulated ”Skoch” reference case. This shows
that the insulation is not sufficient to make a large
change in the temperature distribution of the nozzle.
Heaters will need to be added, if a slower tempera-
ture drop along the nozzle is to be obtained.

The measured noise levels for each case are listed
in Table 2. The noise level seems to decrease with
the addition of more insulation, except for Run 4.
This is probably because the change in wall temper-
ature changes the boundary-layer properties. Com-
paring to the previous section on the effects of driver-
tube temperature, note that a warmer nozzle-wall
temperature or a colder driver-tube-gas temperature
both lower the pitot fluctuations, which seems con-
sistent.

Design of the Sixth Throat-Region
Bleed-Slot Geometry

Problems with the bleed-slot flow have been the
primary suspect for the cause of the lack of quiet
flow. These could include: (1) unsteady massflow in
the slot, (2) incorrect massflow, so that the nozzle-
wall boundary layer separates from the bleed lip,
with the resulting separation bubble causing early
transition [29], or (3) insufficient massflow in the
slot, causing contraction-wall turbulence to slip past
into the nozzle. The bleed-slot throat design was
modified to facilitate iterative changes in the geom-
etry, and tests with five different geometries were
reported in Jan. 2002 [23]. A sixth bleed-slot ge-

Figure 11: Detail Defining Critical Dimensions of
Slot Throat

ometry was designed and fabricated in Spring 2002,
with results reported here.

Fig. 11 shows a generic detail of the slot itself,
taken from Ref. [23]. The height of the upper
wall above the top of the bleed-lip tip is defined as
‘entry’, and the minimum height of the slot is defined
as ‘min.’ These parameters are provided in Table 3
for all the cases tested so far; this table is updated
from Tables 1 and 4 in Ref. [23].

A critical part of the suction-slot design is
achieving a separation streamline that attaches
smoothly to the tip of the bleed lip, toward the main-
flow side, so that a separation bubble is avoided in
the nozzle-wall boundary layer. One way to think
of this design problem is in terms of matching the
pressures on both sides of the separation stream-
line, at the entry to the slot. To do this, Beckwith
and Chen used the one-dimensional (1D) method of
streamtubes (Ref. [30], and private communications
with Frank Chen and Ivan Beckwith, NASA Lang-
ley, 1990-2002). Although the complete procedure
used by Beckwith can no longer be determined, the
new Case-6 design described here attempted to fol-
low it more closely than before.

The use of the streamtube method is supported
by our previous measurements [23, p. 12], especially
for Case 4, which showed that the pressure in the
slot at the transducer can be predicted with fair ac-
curacy using a 1D inviscid analysis. The measured
pressures are only a few percent high or low, per-
haps due to viscous effects or experimental error.
This suggests that Beckwith’s method of stream-
tubes should have reasonable accuracy.

Beckwith and Chen used a Hopkins-Hill solution
for the throat region to obtain the main-flow side
of the bleed-lip geometry; this procedure was also
followed in the present design [18]. The Hopkins-Hill
solution used to design the bleed lip shape can be
used to determine Pe/Pt = 0.8225 and Me = 0.537
at the beginning of the lip, on the main flow side,
at the joint between the hemispherical tip and the
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inner contour. Here, Pe is the local static pressure,
Pt is the stagnation pressure, and Me is the local
Mach number.

There is an error on page 12 of Ref. [23] in the
right-hand column, which refers to Me = 0.66 and
Pe/Pt = 0.75 from a 1D solution. This computa-
tion was wrong, since it used the radius ratio as an
area ratio, instead of using the radius ratio squared.
The nozzle throat radius is 0.6178 inches, and the
radius of the bleed lip at the hemisphere junction is
0.6963 in. This results in an area ratio of 1.2703, so
that a 1D inviscid analysis results in Me = 0.54 and
Pe/Pt = 0.82. This nearly matches the Hopkins-Hill
solution, confirming that the gentle throat geometry
is nearly one-dimensional.

The slot entry and slot minimum dimensions can
then be used to correct Table 4 of Ref. [23], as shown
in Table 3 below. Note that the height ratio ’en-
try’/’min.’ is taken as the area ratio Aentry/A∗ in
the annular slot, although this is not true in the main
flow. Using this area ratio in the slot, the pressure
at the slot entrance, Pse, can be computed as a ra-
tio to Pt, assuming sonic flow at the slot minimum.
Here, the slot entrance is taken to be the junction
between the hemispherical tip and the upper surface
of the bleed lip. This is again a 1D analysis in the
slot, and this analysis also neglects the 0.030-in.-dia.
bluntness of the bleed lip tip.

One can then examine Pse/Pt for the various
designs. Since Pe/Pt on the main flow side of the lip
is about 0.82, case 4 couldn’t work, since the higher
pressure on the slot side would cause a separation
bubble on the main-flow side. One still might expect
that Cases 1, 2, 3, and 5 could work, but the flow
remained noisy. Perhaps the pressure on the slot
side should be a bit lower, as in case 5, to pull more
flow into the slot. The pressure was low for Case 3,
but this geometry placed the slot throat very near
the bleed lip, so it may have caused other problems.

To address this question, he(Pe/Pt = 0.82) was
computed. This is the slot entry height for which
Pse/Pt = 0.82, matching the main-flow side (again
neglecting the 0.030-inch tip). How far from below
the top of the bleed lip does the slot draw, again
assuming 1D flow, and assuming the pressure at the
main-flow side of the tip is unchanged? For Pse/Pt =
0.82, Ae/A

∗ = 1.27. Here, Ae is the flow area at the
entrance of the lip, and A∗ is the sonic-flow area in
the suction slot. This leads to the computation of
he,tip, the height from the top of the tip (which is
0.030-inch thick) at which the separation streamline
is nominally located. This should be at least half
the height of the tip, or at least 0.015 inches, and

preferably more like 0.020 or 0.025 in. This resulted
in the design of Case 6. It is very interesting to note
that if there isn’t enough suction, then there isn’t
enough area ratio available to draw much from the
bleed lip tip (cp. cases 3 and 6).

Case 6 sucks 30% of the massflow through the
slot, about 3 times more than in the original design,
for a height at the lip entrance of 0.1088 inches. It
was also noted that the conical convergence of the
upper side of the slot used in Cases 4 and 5, com-
bined with the cylindrical lower side, means that
flow was converging coming into the minimum. This,
combined with the previous use of a sharp edge at
the minimum, will have caused the minimum height
at the sonic point to be less than the geometrical
minimum, since the flow will continue to contract
until the flow turns. This might also have been caus-
ing fluctuations in the massflow, as the actual sonic
minimum is past the geometrical edge. For Case 6, a
smooth matched circular arc with a 1.68-inch radius
was thus added, to bring the conical convergence to
a parallel flow; it was followed by a 0.25-in. radius
on the diverging section, which seems similar to the
values used by Beckwith and Chen.

The Case 6 design seeks to draw flow in from
about 2/3 of the way down from the top of lip
(again, using a 1D analysis, and assuming that the
pressure on the main-flow side remains unchanged).
This requires picking up the separation streamtube
at about 0.020-in. from top of lip. The stream-
tube entrance height is then really 0.1088+0.020 or
0.1288. If Pe/P0 = 0.82 here, to match the nominal
lower pressure, then A/A∗ = 1.27, and the height
at the slot minimum should be 0.1014. The nominal
Pse/Pt based on the height above the lip is then 0.70,
using A/A∗ = 0.1088/0.1014 = 1.073. Note that this
is now the first design to draw from below the middle
of the bleed-lip tip, using this 1D streamtube analy-
sis. Note also that the tip thickness is now becoming
fairly small compared to the slot width.

It was also noted that the Beckwith bleed-lip
designs have a much larger angle with respect to
contraction wall, so the angle was increased by 1.6
degrees for Case 6, which was as much as was pos-
sible with the present geometry while maintaining
monotonic slopes in the contraction contour. Fig.
12 shows the modification to the geometry. The hor-
izontal axis, z′, is the axial contraction coordinate,
where z′ = 0 at the contraction entrance. The mod-
ifications were made to an insert that picks up the
contour at z′ = 37.0 in. The contour again makes
a smooth joint at the match point, with a larger ra-
dius downstream, and with the difference in radius
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Case: 1 2 3 4 5 6
entry, in. 0.036 0.036 0.036 0.073 0.073 0.1088
min. in. 0.029 0.029 0.036 0.042 0.062 0.1014
Aentry/A∗ 1.24 1.24 1.0 1.74 1.18 1.073
Pse/Pt 0.81 0.81 0.53 0.91 0.78 0.70
he(Pe/Pt = 0.82), in. 0.037 0.037 0.046 0.053 0.079 0.1288
he,tip(0.82), in. 0.001 0.001 0.010 -0.020 0.006 0.020

Table 3: Properties of Bleed-Slot Geometries
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Figure 12: Modification to Contraction Contour,
Case 6

Figure 13: Drawing of Slot Throat, Case 6

increasing monotonically.
Fig. 13 shows a drawing of the new geometry.

The dimension is in inches. The upstream joint with
the stainless-steel contraction section is nearly flush
on the bottom surface, but contains a forward-facing
step on the upper side of between 0.001 and 0.002
inches (as estimated by a skilled machinist).

Mean Flow and Noise Measurements
Using the Sixth Geometry

Although the sixth throat geometry did not re-
sult in high Reynolds number quiet flow, the in-
creased suction-slot massflow seems to have reduced
the tunnel runtime only slightly, from about 10 sec.
to about 9 sec., and it has enabled us to obtain some
initial quiet flow at very low pressures. Figures 14
and 15 show turbulent spots dropping out to quiet
flow as the stagnation pressure decreases during a
run. The average driver tube stagnation pressure
during the time of this plot is 7.785 psia, as mea-
sured by a static-pressure transducer near the en-

12



5.1 5.15 5.2 5.25 5.3 5.35 5.4
−0.08

−0.06

−0.04

−0.02

0

0.02

0.04

0.06

0.08

P
re

ss
ur

e 
F

lu
ct

ua
tio

ns
 (

ps
i)

time (sec)

Figure 14: Pitot Fluctuations on Tunnel Centerline
at z = 84.3 in.
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Figure 15: Pitot Fluctuations on Tunnel Centerline
at z = 84.3 in., Longer Record

trance to the contraction, and the driver-tube tem-
perature is 160 degrees C. Fully quiet flow occurs
when the driver-tube stagnation pressure drops to
about 7.5 psia. The Kulite pressure transducer
near the beginning of the contraction is an XCE-080-
250A model, with a maximum range of 250 psia, so
it is not accurate at low pressures. The pitot Kulite
is another 0-15 psia stopped model, with a 0.062-in.
diameter. The signal was sampled at 500 kHz, using
an 8-bit LeCroy oscilloscope.

The noise level during quiet flow was found by
taking the RMS of the pressure fluctuations over a
0.3-second period, between 5.7 and 6.0 sec. after the
start of the run. This was chosen because it was the
longest duration of quiet flow for which data was ac-
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Figure 16: Power Spectra of Pitot Fluctuations at
z = 84.3 in.

quired at high resolution and high sampling rates.
The pre-run noise was found using the same length
of record. The square root of the difference of the
squares is used to find the corrected quiet-flow noise
levels. These were then nondimensionalized by the
mean pitot pressure during the time period to re-
sult in a noise level of 0.15%; the value based on
the uncorrected pitot fluctuations would be 0.2%, so
the signal/noise ratio is about 4. Although this is
higher than the 0.1% nominal limit for quiet flow,
the disappearance of the turbulent-spot signatures
with decreasing pressure clearly indicates the pres-
ence of nearly quiet flow. Data at this high resolu-
tion presently exists only at this pressure, so com-
parisons to other pressures cannot yet be made.

To see if the RMS was changing during the
lower-noise period, this time was divided up into
0.01-sec. periods and the RMS was found for each.
The pitot fluctuations scatter from 0.17% to 0.26%
of the mean, apparently randomly. The signal/noise
ratio may not be sufficient to get good resolution
from these records.

Power spectra of the quiet-flow noise and the
pre-run noise are shown in Figure 16 using a win-
dow length of 1000 points, or 2 ms. The vertical
scale is not yet calibrated. These correspond well,
indicating that a large percentage of the noise cap-
tured is background electrical noise. The only place
where the spectra differ greatly is at low frequencies.
Figure 17 shows this more clearly, where a window
length of 30000 points, or 60 ms, was used to better
capture the lower frequencies.

The quiet flow was examined with the Pitot
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Figure 17: Low-Frequency Power Spectra of Pitot
Fluctuations at z = 84.3 in.

probe at the front, middle, and back of the present
axial range. The Mach numbers are shown in Fig-
ure 18. The horizontal axis is the distance from
the nominal onset of uniform flow. These prelimi-
nary measurements show that the Mach number still
seems to be increasing beyond where it is expected
to be uniform. The unit Reynolds numbers range
from over 200,000/ft at the front to 150,000/ft at the
back. These unit Reynolds numbers were computed
by obtaining the Mach number using the Rayleigh
pitot formula, and the measured contraction-wall to-
tal pressure and pitot pressure. Isentropic theory
was used to compute the static temperature and
density. This apparent nonuniformity remains un-
der investigation.

The intermittency was calculated throughout
the run using a second derivative method similar to
that used in Ref. [31]. This is calculated from data
taken at 10 kHz for the entire run. These records are
digitized rather too slowly to obtain reliable RMS
pitot pressures. The flow may be considered quiet
when the intermittency is below 1%. The intermit-
tency is plotted in Figure 19 for 7 runs performed at
nearly the same initial conditions, at 3 probe loca-
tions. This is plotted for data taken with the pitot
probe placed on the centerline in the forward, middle
and aft parts of the testing area, which corresponds
to 9.18, 13.85, and 18.37 inches, respectively, be-
yond the nominal onset of uniform flow (which is at
z = 75.12 in., where z = 0 at the nozzle throat). The
figure shows the flow becoming quiet at nearly the
same driver tube pressure over a large area, which
could indicate that once the pressure becomes low
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Figure 18: Preliminary Measurements of Axial Mach
Number Variation in Quiet Flow Area
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enough, all of the flow becomes quiet. This differs
from what is usually observed, where the onset of
turbulence would move downstream as the pressure
decreases.

Plans for Improving Quiet-Flow Performance

It appears that the Case-6 slot geometry, with
increased suction massflow, has provided some quiet
flow for the first time. Since the runtime did not
decrease markedly, and the pressure in the suc-
tion plenum remains low (not shown here), further
modifications in the suction geometry are to be at-
tempted.

In addition, the step at the end of the electro-
form is now suspect, along with the 30 microinch
RMS finish on most of the nozzle, including the pos-
sibly crucial region near the end of the radial flow
section, where Görtler vortices originate. Current
plans call for disassembling the nozzle and having
most of the nozzle length polished, to better approx-
imate the finish in the Langley Mach-6 quiet nozzle.

Preliminary TSP Measurements
on the Hyper2000

Temperature sensitive paint (TSP) has been shown
to be a useful technique for studying stationary
streamwise vortices, which are one possible form of
instability leading to transition [32, 33].The tech-
nique is being applied to a Hyper-2000 (H2000)
model. The H2000 is a publically releasable geom-
etry that is generic for the Hyper-X class of vehi-
cles [34]. The two geometries appear to be identical
along the centerplane.

The general TSP technique is documented in
several excellent references such as Refs. [35, 36, 37].
The experimental technique and image processing
developed specifically for the BAM6QT is docu-
mented in Ref. [33]. Two major changes have
been made to the technique since then. First, a
larger 4-in. blue LED array (ISSI LM4 464nm)
is now used for exciting the paint layer. Com-
pared to the 2-in. LM2 model, this outputs more
light, resulting in a higher signal-to-noise ratio
and better uniformity of the lighting. Second,
Dichlorotris(1,10-phenanthroline) ruthenium(II) hy-
drate (or Ru(phen) for short) is used now for the
luminophore, as suggested in [38]. The calibra-
tion of this luminophore against Ru(bpy), the lu-
minophore used in Refs. [32, 33], is shown in Figure
20. Ru(phen) shows a slightly higher sensitivity in
the temperature range of interest, above 300 K. This
calibration was done using the same blue LED and
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Figure 20: Calibration of Two Luminophores

Run P0 (psia) T0 (deg. R) LE Configuration
1 109.3 751 Smooth
3 111.7 754 Smooth
7 117.6 760 0.008-in. tape
8 117.8 767 0.008-in. tape

Table 4: Hyper2000 Test Conditions

CCD camera (Photometrics Sensys 0401E) used for
the wind tunnel testing.

Images from four tunnel runs will be presented.
The flow conditions for each are listed in Table 4.
For runs 7 and 8, strips of metallic tape 0.1 inches
wide and 0.008 inches thick were taped around the
leading edge to generate stronger streamwise vor-
tices. The disturbances are presently measurable
only well downstream of the tapes. This repeatable
technique for introducing disturbances was adapted
from Ref. [39], and allows controlling the down-
stream disturbances by varying the height and spac-
ing of the roughness elements. The concept is
adapted from the low-speed crossflow work of Saric
et al. [40], where it has been very productive.

The images taken during the run are converted
into a temperature map by applying the calibration
shown in Figure 20. The temperatures are then con-
verted into heat transfer rates using a simple one-
dimensional heat-conduction model, in which the in-
sulator thickness is assumed constant and the under-
lying model temperature is assumed to remain at the
pre-run value. The values are normalized by an ar-
bitrary point on the image [41]. This process factors
out the thermal conductivity and thickness of the
paint, which are two values that are not accurately
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Figure 21: q/qref for Smooth H2000, Run 1

known at present.

Figure 21 shows the result from run 1. For all
the images, the origin of the horizontal axis is at the
leading edge, and the origin of the vertical axis is at
the centerline. Also, the color scale extends down
to a negative value, which would suggest heat trans-
fer from the model to the flow. However this is not
the case anywhere on the model, and the scale is set
this way only because the image processing software
produced a clearer image of the weak vortices. The
high heating at the thin leading edge is clearly seen.
The heating rate quickly decreases as the laminar
boundary layer thickens downstream. Streak marks
can be seen starting to develop on the second ramp,
past the first corner, which is at about 7-1/3 inches,
and has a 5.5-deg. compression angle. The streaks
seem to grow after passing through the second com-
pression corner, which is located near 10 inches, and
compresses by 3 degrees. These streak marks are
probably streamwise vortices that are generated by
the small imperfections in the leading edge and by
the roughness of the paint finish (cp. Refs. [39],
[42], and [43]). There is a curious high-heating area
at the trailing edge of the model near the centerline.
Although this might be a sign of onset of turbulent
flow, it may also be caused by a shadow of some sort
from the lighting. In principal, shadows should not
appear in these images, since they should show up in
the wind-off and wind-on images, and be ratioed out
during the image processing. However, this shadow
was seen for all the runs, regardless of the camera
location. The exact cause of the shadow will be de-
termined during future experiments.

Figure 22 shows a closer view of the compression
corners. The streaks caused by the vortices can be
seen much more clearly in this image. The nine dots
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Figure 22: q/qref for Smooth H2000, Run 3
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Run 7
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are registration marks used for mapping the image
to a grid. Because the camera was positioned much
closer to the model for this run, the model moved
much more with respect to the camera than in the
previous case, and it was more difficult to align the
wind-off and wind-on images.

Figure 23 shows the results from run 7, in which
the H2000 has strips of tape wrapped around the
leading edge. Five strips were used; they can be
clearly seen in the image. The streamwise vortices
generated by them become clearly visible about 4-
6 inches downstream from the leading edge. The
vortices from the three inner strips stay on the three
ramps, but the outer two get swept away onto the
chine, apparently due to an outer-directed crossflow.
This same outer-directed crossflow can be seen in
Ref. [34]. A slight outer curvature in the inner three
vortices can be seen as well. These three vortices
seem to break down rapidly once they pass through
the compression corners.

This is more clearly seen in Figure 24. The three
vortices can be seen approaching the first compres-
sion corner. The high-heating streaks rapidly spread
out on the second ramp, leaving apparently undis-
turbed flow in between. This may be an indication
of transition. After the second compression corner
the streaks seem to merge together, which would
again suggest the onset of turbulent flow. Hot- wire
measurements will be performed to determine the
character of the flow in these regions.

Summary

Purdue University continues to develop the 9.5-inch
Mach-6 Boeing/AFOSR Mach-6 Quiet Tunnel. A
sixth bleed-slot-throat geometry was partially suc-
cessful, for initial quiet flow was achieved at very
low Reynolds numbers of about 200,000. Work con-
tinues towards modifying the nozzle to achieve high
Reynolds number quiet flow.

Measurements of the pitot fluctuations in the
nozzle at higher Reynolds numbers, with a turbulent
boundary layer, show a reduction in noise of a factor
of 4 as the driver-tube temperature is reduced from
180◦C to 20◦C. This suggests that conventional-
tunnel measurements of transition location will be
influenced not only by unit Reynolds number but
also by tunnel-wall temperature ratio, since the ra-
diated noise level in the tunnel appears to depend
on both factors.

Development of instrumentation also continues.
Hot wires with a relatively low length/diameter ra-
tio of 100 have been fabricated and have survived

many tunnel runs. Galling problems in the auto-
mated vertical traverse system have been addressed
by design modifications.

Initial measurements have also been made on a
Hyper2000 model, which is generic for the Hyper-
X class of vehicles. Temperature-sensitive paint
measurements show the development of streamwise
vortices downstream of imperfections in the lead-
ing edge; these streamwise vortices grow rapidly in
the compression corners, and provide one possible
mechanism for transition in this geometry. Initial
controlled measurements are reported, using small
roughness tapes wrapped around the leading edge,
ala Ginoux. These techniques now provide a method
for detailed study of the streamwise-vortex transi-
tion mechanism.
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