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ABSTRACT
Calibration, commissioning, and design features of a new Mach 5 Ludwieg Tube wind tunnel at the University of Arizona are discussed. Mach
number uniformity and free-stream noise levels are measured using a Pitot rake at a range of unit Reynolds numbers and at multiple spanwise
and streamwise positions. The wind tunnel is shown to have a free-stream Mach number of 4.82 with maximum variance less than 0.8% (and
less than 0.5% at most streamwise positions). The average free-stream acoustic noise level in the core (based on Pitot pressure) is shown to be
less than 1.2% at an intermediate Reynolds number with some regions dropping locally below 1.0%. The core flow region is measured to be
282.4 mm (11.1 in.) in diameter at the nozzle exit.
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I. INTRODUCTION

The University of Arizona (UArizona) has recently completed
a four-year design, construction, and commissioning process for
its new Mach 5 Ludwieg Tube (LT5). Ludwieg tubes provide a
low-cost method for producing high-quality, high-speed flow for a
short duration. In their simplest form, they are pressure–vacuum
blowdown facilities where upstream tanks, regulators, and the set-
tling chamber are replaced by a long driver tube.1,2 The pressure
and vacuum sides are separated, typically by diaphragms or a fast-
opening valve, and flow is initiated by removing that barrier. As the
resulting expansion wave propagates upstream through the nozzle, a
quasi-steady flow is developed in the test section that lasts until the
expansion wave reflects off of the upstream wall of the driver tube
and returns to the nozzle.

The replacement of all upstream obstructions with an empty
driver tube causes Ludwieg tubes to have a naturally low-disturbance
flow approaching the nozzle throat. This feature has led them to
become the design of choice in recent years when developing quiet
hypersonic wind tunnels. Quiet tunnels were pioneered by NASA
Langley Research Center in the second half of the 20th century3,4

and are important tools in the study of boundary layer stability and
transition due to their ability to produce a free-stream flow with very
low noise intended to approximate that of flight. The development

and operation of quiet Ludwieg tubes was pioneered by Purdue Uni-
versity in the 1990s and 2000s with the development of Mach 45

and Mach 66 facilities, both of which are still in active use at the
UArizona and Purdue, respectively.

LT5 has a cross section that is 381 mm (15 in.) in diameter and
can operate at a range of pressures that make it a useful tool for both
basic and applied research. The nozzle, at 3.5 m (11.5 ft) in length, is
longer than a typical conventional nozzle and was designed to be
sized similarly to a quiet nozzle of the same diameter and Mach
number in order to facilitate a planned quiet nozzle upgrade. The
tunnel shares vacuum and pressure infrastructure with the Mach
4 Quiet Ludwieg Tube (QLT4), which was recently acquired from
Purdue and refurbished.7

This publication provides general operating parameters and
describes the results of the flow quality assessment and free-stream
characterization process performed during the commissioning
of LT5.

II. EXPERIMENTAL APPARATUS
A. Wind tunnel facility

LT5, shown schematically in Fig. 1, is a typical Ludwieg tube
design1,2 with a driver tube that is 25.4 m (83.3 ft) in length and has
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FIG. 1. Dimensioned schematic of LT5.

a 0.4 m (16 in.) inner diameter. The driver section is heated up to
a maximum temperature of 453 K using blanket resistance heaters.
Supply air is heated through convection with the hot surfaces as it
enters the driver tube. This heating method is sufficient for the total
temperature to reach equilibrium within 5–10 min of filling the tank
depending on the fill pressure.

The 381 mm (15 in.) conventional nozzle was designed using
the Sivells8 method of characteristics (MoC) code coupled with the
Harris and Blanchard9 boundary layer solver. The contraction was
designed using the matched cubic arc method of Morel.10 The LT5
nozzle wall contour is depicted in Fig. 2 with the inviscid free-stream
Mach number (M∞) contour derived from the MoC solution. It
features a slow expansion contour to approximate the length of a
comparable quiet nozzle, resulting in a nozzle that is 3.5 m (11.5 ft)
long. The tunnel has a quasi-steady run time of slightly longer than
100 ms.

The facility can operate at a range of total pressures and tem-
peratures resulting in an estimated range of unit Reynolds number
of 5.2 × 106 m−1

≤ Re′ ≤ 39.9 × 106 m−1, where the lower limit is an
estimate and dependent on model blockage. Full tunnel operating

parameters are summarized in Table I. The present flow charac-
terization campaign focuses on the lower to middle portion of this
operating range where free-stream noise levels are expected to be
maximum.

LT5 operates using a downstream double diaphragm config-
uration. This approach results in a longer tunnel startup transient
compared to an upstream diaphragm due to the need to pressurize
the test section and is also more expensive per shot, but it pre-
vents any debris from passing through the nozzle or test section and
does not introduce any obstruction to the flow upstream of the noz-
zle like some fast-opening valves do. Both of these advantages are
key considerations for its eventual quiet nozzle upgrade.4 Multiple
diaphragm materials have been tested for use in LT5, including
Mylar®, 6061 Al, and 7075 Al with two scoring patterns for the latter
two options. 6061 Al with a cross scoring pattern produced the
most consistent burst pressure of the options tested and is now the
standard diaphragm configuration.

The test section includes modular doors on all four sides, three
of which typically feature optical access provided by sapphire win-
dows (selected due to its high strength, hardness, and transmissivity

FIG. 2. Method of characteristics Mach number solution with the LT5 nozzle wall contour. Note: The horizontal axis is compressed compared to the vertical axis to enhance
readability.
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TABLE I. LT5 specifications and operating parameters. Minimum pressure (and dependent) values are approximate and vary
with the installed model. Viscosity for Re′ was calculated using Sutherland’s law.

Parameter Units Range

Mach number, M∞ −/− 4.84
Run time, trun ms >100
Test-section diameter, Dts mm (in.) 381.0 (15.0)
Total pressure, p01 kPa (psia) 344.7–2068.4 (50–300)
Total temperature, T01 K (○F) 385–450 (233.3–350.3)
Unit Reynolds number, Re′ 106 m−1 (106 ft−1) 5.2–39.9 (1.6–12.2)
Equivalent altitude km (kft) 10.4–23.6 (34.1–77.4)
Dynamic pressure kPa (psia) 12.9–77.4 (1.9–11.2)

of wavelengths ranging from ultraviolet through midwave infrared).
The broadband optical transmissivity facilitates the use of infrared
thermography using a FLIR X8500sc midwave infrared (MWIR)
series camera while also allowing optical techniques utilizing wave-
lengths in the visible spectrum, such as schlieren. The windows have
been treated with antireflective coatings to improve signal integrity
for these optical measurements. The fourth modular door panel
typically houses the model sting mount.

Air supplied to the driver tube is passed through two Parker
DD60-08 300 psig desiccant air dryers and filtered with an IMI
Norgren F46-800-AODA 250 psig filter to ensure only clean, dry
air (CDA) is passed into the tunnel. A planned air infrastructure
upgrade will soon allow CDA to be produced centrally rather than
being filtered and dried at the point of use. Vacuum is generated for
the facility by a Leybold SOGEVAC SV 630 B vacuum pump and
a 20 m3 (708 cu. ft) vacuum tank capable of maintaining a vacuum
pressure of 0.1 torr. Prior to a run, the entire tunnel is evacuated
(including the driver section) so that the system can be run entirely
on CDA.

B. Instrumentation
Free-stream surveys were performed using a nine-probe Pitot

rake depicted schematically in Fig. 3. Each transducer is mounted
within a 4.7 mm (3/16 in.) diameter brass tube protruding 119.5 mm
(4.7 in.) from the tip of the wedge base. The wedge mounts to a sting
using one of several groups of mounting holes, allowing the probes
to be repositioned in several spanwise (z) locations between runs
in order to increase the spatial density and range of measurements.
Incorporating all spanwise configurations, the rake can perform
measurements across the test core and to within 7.6 mm (0.3 in.)
of the tunnel walls. It can also be placed at streamwise locations
ranging from 1000 mm (39.4 in.) upstream to 256.3 mm (10.1 in.)
downstream of the nozzle exit. The probes are spaced Δz = 40.6 mm
(1.6 in.) apart.

The measurement coordinate system is also shown in Fig. 3
where the y coordinate points out of the page and is aligned vertically
with the lab reference frame. The origin of the coordinate system is
placed at the center of the nozzle exit such that x is positive in the
downstream direction. Note that only the x and z positions are var-
ied in this campaign; the y coordinate is held constant at y = 0 at all
measurement locations.

The rake was instrumented with Kulite XCE-062-20A pressure
transducers fitted with A screens. The transducers were estimated
to have a usable frequency bandwidth of 0–70 kHz based on the
location of the resonance peak at ≈100 kHz. The signals were, there-
fore, low-pass filtered at 70 kHz to remove the cavity resonance and
stopband from the data. Due to ongoing supply chain delays, only
five transducers were available at the time of the first phase of this
study in which streamwise profiles of noise and M∞ were produced.
The result is that only every other probe was instrumented with a
transducer. Additional transducers were acquired and the port side
probes were all filled for the second phase of the campaign involv-
ing the production of detailed spanwise profiles at several constant x
locations.

FIG. 3. Dimensioned schematic of the Pitot rake with coordinate axes for reference.
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FIG. 4. Process diagram depicting the signal conditioning and data acquisition systems used for the present experiments.

C. Data acquisition
Data were acquired using a National Instruments (NI) PXIe

data acquisition system capable of sampling rates of up to 3.57
MS/s/ch with 16-bits of precision. Signal conditioning (excita-
tion, amplification, and filtering) is provided by a Precision Filters
(PF) 28 000 system. The facility currently offers up to 32 chan-
nels of transducer excitation and signal conditioning, 32 chan-
nels of 16-bit high-speed data acquisition, and 64 channels of
thermocouples.

The PF conditioning system is built around a combination of
model 28 144 transducer conditioner cards and model 28 612 fil-
ter/amplifier cards. The 28 144 cards provide transducer excitation,
amplification (G = 100), and anti-aliasing filtration ( fc = 205 kHz).
This signal is then split. One copy of the signal is sampled directly
with a NI PXIe-6378 analog-to-digital converter ( fs = 500 kHz) to
provide mean pressure data. The other copy is passed through a
28 612 card, where it is high-pass filtered ( fc = 100 Hz) and further
amplified (G = 2) before being sampled to provide high-resolution
fluctuating data. Figure 4 depicts a process diagram of the signal con-
ditioning arrangement. After Pitot pressure data have been stored,
they are digitally filtered to remove the spectral peaks due to cavity
resonance.

Tunnel operating pressures—including total pressure in the
reservoir (p01), back pressure (pb), and test-section pressure
(p1)—are measured with Omega pressure transducers and sam-
pled at 5 kHz. The total temperature (T0) is measured with a
thermocouple located in the driver tube and sampled at 90 Hz.

III. RESULTS AND DISCUSSION
A. Mach number uniformity

The free-stream Mach number (M∞) was measured at various
x locations and multiple Re′ conditions. Profiles generated by this
set of measurements are depicted in Fig. 5. As part of the first phase
of the experimental campaign, only five transducers were available,
two of which were located inside the nozzle wall boundary layers and
were, therefore, omitted from Mach number calculations. The avail-
ability of only three data points in the free stream at each streamwise
location generally results in a relatively large uncertainty. Error bars
were calculated using Student’s t-distribution at the 95% confidence
level.

As is evident in Fig. 5, M∞ remains near 4.83 for all x and Re′

values. While there do appear to be some undulations in M∞, par-
ticularly at higher Re′ values, most of the error bars overlap with

FIG. 5. Profiles of mean M∞ vs x for various Re′ conditions.
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one another and a definitive conclusion can, therefore, not be drawn
about this observation. The Mach number is lower than the design
Mach number of 5 due to the fact that the nozzle was designed
assuming a zero thickness boundary layer at the throat (i.e., assum-
ing a leading edge exists near the throat such as due to a quiet

nozzle bleed lip). In reality, the boundary layer has nonzero thick-
ness entering the throat region, resulting in a thicker boundary layer
and smaller effective expansion ratio compared to the design point.

In addition to the streamwise profiles of M∞, several highly
resolved spanwise profiles were measured at several locations along

FIG. 6. High-resolution spanwise profiles of M∞ vs z at Re′ = 10.1 × 106 m−1. Scaled MoC solutions are provided for comparison at measurement stations located
upstream of the nozzle exit. Profiles are shown at (a) x = 0 mm, (b) x = −480 mm, and (c) x = −601 mm.
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the nozzle’s length. These profiles were generated by adding two
additional transducers to the port (+z) side of the rake and com-
bining data from multiple runs at each location (eight at the exit and
seven at other locations). For each run, the spanwise position of the
rake was shifted by Δz = 5.1 mm (0.2 in.).

These profiles are depicted in Fig. 6 along with MoC solutions
for comparison at the two upstream locations. The MoC solutions
were rescaled by the mean measured M∞ and used to compare the
measured boundary layer thickness with the theoretical extent of the
uniform inviscid flow region.

The spanwise M∞ profile at the nozzle exit, x = 0 mm
[Fig. 6(a)], shows excellent uniformity with the exception of a small
peak at z = −15 mm and a smaller one at z = 15 mm. Mach lines
traced upstream from this point do not intersect with any known
feature of the nozzle contour (e.g., the seam between nozzle seg-
ments). Further, there is no periodicity in the profile matching the
probe spacing, indicating that the peaks are not the result of bias
introduced by run-to-run variability in flow conditions. Despite the
peaks, the overall rms Mach number deviation across the inviscid
core remains low at ΔM∞,rms = 0.76%. The boundary layer thick-
ness, calculated as the location where M is 99% of the free-stream
value, was determined using a curve fit to the +z data. At x = 0,
δ99 ≈ 49.3 mm (1.94 in.) resulting in an inviscid core flow usable for
testing with a diameter of 282.4 mm (11.1 in.).

Figures 6(b) and 6(c) depict the spanwise profiles of M∞ at
x = −480 and −601 mm, respectively. In each case, the peaks near the
centerline are absent and the resulting rms Mach number deviations
are considerably smaller at each location than at the exit: ΔM∞,rms
= 0.48% and 0.42%, respectively. All data points outside the bound-
ary layer lie essentially on top of the MoC estimates depicted by the
black dashed lines. There is no measurable change in Mach num-
ber across the span at any streamwise location, even when outside of
the final expansion wave, due to the slow expansion contour design.
The MoC solutions support this finding, as they do not appreciably
change until well inside the boundary layer.

Finally, as the measurements move downstream, the bound-
ary layer thickness increases slightly, resulting in a slightly smaller

inviscid core and slightly lower Mach number. The change repre-
sents less than a 0.5% reduction in M∞ over the 600 mm measure-
ment range and is, therefore, not expected to meaningfully affect
future experimental results.

B. Free-stream acoustic noise
For each of the experimental results presented in Sec. III A,

acoustic noise was also measured in the form of fluctuating Pitot
pressure, p′02,rms/p̄02. Streamwise profiles of acoustic noise are pre-
sented in Fig. 7. There are two clear trends evident from the data:
Acoustic noise increases as a function of x and decreases as a func-
tion of Re′, both of which are consistent with prior observations by
Pate and Schueler.11 The mean acoustic noise level remains below
1.5% up to z = 250 mm and drops as low 1.0% in some regions at
higher Re′ conditions.

Figure 8 depicts spanwise profiles of acoustic noise at x = 0,
−480, and −601 mm. Both the x = 0 mm case [Fig. 8(a)] and the
x = −601 mm case [Fig. 8(c)] feature noise peaks located slightly out-
board of the centerline. In each case, Mach lines traced upstream
do not appear to intersect with any known feature or defect in
the nozzle. It is plausible that manufacturing defects such as an
imperceptible surface waviness could exist, resulting in a Mach wave
focusing effect that results in higher noise near the centerline. This
phenomenon has been previously described by Anders, Stainback,
and Beckwith.12

At all locations, the noise level was increased somewhat near
the centerline and minimal just outside of the boundary layer. At no
point in any of the measurement regions does the noise level eclipse
1.6%, while at x = −601 mm, the local noise level drops below 1%
near the boundary layer edge.

The power spectral density (PSD) of the acoustic noise at x = 0
mm was calculated using Welch’s method.13 The spectra, depicted at
several z locations in Fig. 9, were bandpass filtered at 1 and 70 kHz
to remove the DC signal and cavity resonance peak, respectively. At
all z locations, the acoustic noise spectrum has two distinct regions
in the passband which are approximately pink, i.e., Spp ∝ 1/ f α. For

FIG. 7. Profiles of mean free-stream acoustic noise vs x for various Re′ conditions.
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FIG. 8. High-resolution spanwise profiles of acoustic noise vs z at Re′ = 10.1 × 106 m−1. Scaled MoC solutions are provided for comparison at measurement stations
located upstream of the nozzle exit. Profiles are shown at (a) x = 0 mm, (b) x = −480 mm, and (c) x = −601 mm.
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FIG. 9. Power spectral densities taken at the nozzle exit at various spanwise positions. Dashed lines highlight distinct regions with different slopes. Re′ = 10.1 × 106 m−1.

f < 104 Hz, α ≈ 1/2, while for f > 104 Hz, α ≈ 5/4. Lines with these
slopes are overlaid on Fig. 9. These values of α as well as the fre-
quency at which the spectra transition from one region to the next
are independent of z.

IV. CONCLUSION
A new Mach 5 Ludwieg Tube has been installed and cali-

brated at the UArizona. Its free-stream Mach number and acous-
tic noise level have been characterized by undertaking a series of
measurement campaigns utilizing a Pitot rake outfitted with high-
frequency pressure transducers. Overall flow uniformity was found
to be good, with the maximum Mach number deviation of ΔM∞,rms
= 0.76% at the nozzle exit and ΔM∞,rms < 0.50% at all other mea-
surement locations. Free-stream noise levels, characterized by mea-
suring p′02,rms/p̄02, were generally low, with average noise levels
across the span between 1.0% and 1.5% and local noise levels never
exceeding 1.6% in the regions measured.

The spanwise noise profiles in some cases feature peaks located
just outboard of the centerline. These peaks have no discernible
cause and may be the result of machining defects creating Mach
waves that are focused near the centerline. The appearance of peaks
on both sides of the centerline suggests it is likely an axisymmetric
surface waviness effect as opposed to a localized blemish. A similar
peak in M∞ was recorded at the nozzle exit, albeit only on one side
of the centerline. Its cause is undetermined.

Spectra exhibit two regions of pink noise with a transition
between the two that is independent of z. The reason for the change
in slope is not yet known, nor is its dependence on Re′. Additionally,
there may still be considerably fluctuating power at higher frequen-
cies that were filtered when removing the resonant peak. Follow-
up experiments are planned using dual Pitot probes with Kulite
XCE-062 transducers adjacent to a higher-frequency transducer to
extend the spectra over a wider bandwidth. Additionally, oversam-
pling will improve frequency resolution to allow better exploration
of lower frequencies and the transition between the two slopes in the
spectra.

A quiet nozzle upgrade for LT5 is planned for a future
date, which will undergo a similar characterization process. Addi-
tional transducers will be employed in order to reduce the uncer-
tainty in each set of measurements. Hot-wire anemometry will
also be explored as a tool for quantifying the vortical and tem-
perature components of free-stream noise, an effort pioneered by
Muñoz et al.14
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