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Tagging velocimetry is demonstrated in the Stevens Shock Tunnel to obtain velocity profiles
in high-speed flows over a hollow-cylinder-flare test article. Acetone was used as the tagged
tracer in shock-tunnel-generated high-speed air flow, excited by the fourth harmonic of the
burst-mode Nd:Yag laser (266 nm) at 50 kHz. Freestream velocity is recorded and matches
predicted values with good agreement. Additionally, turbulent boundary layer velocity profiles
are reported.

I. Introduction

Tagging velocimetry serves as a nonintrusive diagnostic technique in the hypersonic flow regime, providing off-surface,
time-of-flight velocity profile measurements. By using high repetition lasers and high-speed camera imaging, it can

interrogate freestream flows and flows over canonical geometries in ground-test facilities. Time-resolved velocimetry
data can then be used to verify tunnel functionality, quantify turbulence quantities, and describe unsteady boundary layer
profiles. Designers of hypersonic vehicles can use tagging velocimetry results to verify computational fluid dynamic
(CFD) predictions of flow structures and visualize flow profiles over test articles in regions where CFD encounters
difficulty, such as separation bubbles [1].

Several popular tracers used for tagging velocimetry include krypton [2–11], oxygen [12], acetone [13, 14], biacetyl
[15], hydroxyl [16–19], iodine [20, 21], nitric oxide [22], nitrogen [23–26], and argon [27] as well as many others.

The molecular tracer, acetone, has become quite popular in recent studies. Acetone tagging at 266 nm was
demonstrated by Lempert et al. [13, 14] in an acetone-seeded nitrogen free jet with a 250-500 ns interframe time
and a camera gate of 20 ns. Images were averaged over 3-10 s at a repetition rate of 10 Hz. Gragston et al. [28]
performed acetone tagging at 10 kHz in acetone-seeded air to probe the freestream and the turbulent boundary layer of
the test section of the UTSI Mach 4 Ludwieg Tube. Gating and interframe times are not reported. Andrade et al. [29])
performed 10 kHz acetone tagging of acetone-seeded nitrogen gas flows in the freestream and test section wall of the
UT Mach 7 Ludwieg Tube Wind Tunnel, using a gate of 1 µs and an interframe time of approximately 10 microseconds.

Acetone is readily available and inexpensive and the excitation spectrum of acetone is accessible by the fourth
harmonic of an Nd:Yag laser (266 nm) [30, 31]. There exists ambiguity in our understanding of the photophysics and
lifetime of acetone in laser-induced fluorescence and phosphorescence experiments. Lempert et al. [13, 14] report a
signal lifetime of less than 500 ns, which justifies their interframe time delay of 230 ns. Tran [32] and Lozano [30] both
note that phosphorescence of acetone is heavily quenched by small quantities of oxygen. The phosphorescence lifetime
of oxygen-free acetone vapor is 200 µs [32], and the presence of minute quantities of oxygen greatly reduces its lifetime
[33, 34]. Yet, Gragston et al. [28] report lifetimes on the order of microseconds for acetone-seeded air. Fratantonio et al.
[31] state that the optimal excitation wavelength for phosphorescence in acetone is at 308 nm with a lifetime of 50 µs. In
contrast to reseachers using the phosphorescence of acetone, we follow the approach of Lempert et al. [13, 14] utilizing
acetone fluorescence.

Ultimately, this work aims to make mean-velocity profile measurements of a hypersonic, turbulent boundary layer
on a hollow-cylinder flare (HCF) in the Stevens Shock Tunnel using a high-repetition-rate laser and a high-speed camera
for time-resolved velocity profiles.
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II. Experimental Setup

A. Ground-Test Facility Facility
The Stevens Shock Tunnel is a facility designed to replicate Mach 6 free-flight flow conditions with an enthalpy of

1.5 MJ/kg and a unit Reynolds number 0.35 - 8.1 × 106 m−1 for at least 5 ms when using helium as a driver gas. The
construction of the shock tunnel adheres to ASME standard B16.5 Pipe Flanges and Flanged Fittings for flanges and
olets [35] and ASME standard B31.1 Power Piping for all pipes [36]. In Fig. 1, the current configuration of the tunnel is
displayed. The driver section is 5.0 m long, and the driven section is 11.07 m long. A double diaphragm is used to start
the tunnel. Up to 5 transducer stations are used to provide a shock-speed measurement. The test section has an inner
diameter of 0.610 m (24 in) and is large enough to accommodate a 34◦ hollow-cylinder flare of 0.102 m (4 in) outer
cylinder diameter and 0.203 m (8 in) outer flare diameter without tunnel startup issues. A Pitot pressure probe is located
at the nozzle exit in order to determine freestream conditions during each run, via the Rayleigh-Pitot tube relation and
the assumption of isentropic nozzle flow [3, 37]. Further mechanical details on the Stevens Shock Tunnel can be found
in [38].

The tunnel runs were conducted with nitrogen N2 as the driver gas. Acetone vapor was seeded into the driven-section
test gas via a bubbler. A graduated cylinder was used to measure the volume of liquid acetone before and after the filling
process to determine the mass of acetone vapor in the driven gas. A fixed-point iteration method using Cantera [39] was
used to calculate the mole fraction of acetone in the test gas. Run conditions are shown in Table 1. Reservoir conditions
were calculated with both Cantera and the Shock and Detonation Toolbox [40]. The appropriate thermodynamic data
are found in the literature [41, 42]. Freestream conditions were calculated via the method described in Mustafa et al. [6],
utilizing reservoir and Pitot pressure traces and assuming an isentropic expansion iterating to find freestream Mach
number. Representative pressure traces for shots 270 through 272 are shown in Figs. 3a to 3c. With nitrogen gas as the
driver, test times of up to 10 ms can be achieved, limited by the arrival of a compression wave, which is generated by the
reflection of the reflected shock at the contact surface. With the use of a diaphragm debris blocker, as described in [38],
the Pitot traces exhibit small oscillation and demonstrate the establishment of steady flow during test times indicated by
a heavy red lineweight.

Using nitrogen as the driver gas and a pressure ratio of 10, typical enthalpy in the nozzle reservoir is 0.5 MJ/kg. At a
steady state temperature exceeding 573 K [43], acetone will pyrolyze in the nozzle reservoir, reducing tracer signal.
More specifically, according to Capelin et al. [44], acetone will pyrolyze noticeably at 650 K and completely by 850 K.
However, the danger of acetone pyrolysis is reduced considerably by the short run times of the tunnel (≈ 20 ms), as a
result of a kinetics study, shown in Fig. 2, using reaction mechanism modelling from Yu et al. [45]. For temperatures
below 1200 K for acetone-seeded nitrogen and air at pressure 3.5 MPa, there is no observed acetone decomposition
during the useful test time of the Stevens Shock Tunnel. Therefore, acetone-seeded air can be used for shock tunnel

∗Graduate Student, Mechanical Engineering, Castle Point on Hudson, Hoboken, New Jersey, 07030.
†Postdoctoral Researcher, Mechanical Engineering, Castle Point on Hudson, Hoboken, New Jersey, 07030.
‡Graduate Student, Mechanical Engineering, Castle Point on Hudson, Hoboken, New Jersey, 07030.
§Graduate Student, Mechanical Engineering, Castle Point on Hudson, Hoboken, New Jersey, 07030.
¶Associate Professor, Mechanical Engineering, Castle Point on Hudson, Hoboken, New Jersey, 07030, AIAA Associate Fellow.

Fig. 1 Schematic of Stevens Shock Tunnel.
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experiments in which the nozzle reservoir does not exceed 1200 K and a pressure of 3.5 MPa (500 psi), such that the
timescale of acetone pyrolysis is less than that of the tunnel test time, which is the case for 1% acetone/99% air gas
mixture.
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Fig. 2 Acetone Mole Fraction vs. Time in seeded Nitrogen (a) and Air (b).

Table 1 Run Conditions, where 𝑃4 is Driver-section nitrogen gas pressure; 𝑃4/𝑃1 is the driver-to-driven pressure
ratio that determines the driven air gas pressure 𝑃1; 𝑢𝑠 is the shock speed; 𝑀𝑠 is the shock Mach number; 𝑇𝑟
is the reservoir temperature; 𝑃𝑟 is the reservoir pressure; 𝑃∞ is the freestream pressure, 𝑇∞ is the freestream
temperature, 𝑀∞ is the freestream Mach number, 𝑉∞ is the time-averaged freestream velocity, and 𝑅𝑒𝑢∞ is the
unit Reynolds number. Freestream pressure, temperature, velocity, and Reynolds number are calculated nozzle
pitot tube and nozzle reservoir pressures, using the method described in Mustafa et al. [6], assuming an isotropic
nozzle with chemical reactions.

Shot
𝑃4 𝑃4

𝑃1
𝑋𝐶3𝐻6𝑂

𝑢𝑠
𝑀𝑠

𝑃𝑅 𝑇𝑟 𝑃∞ 𝑇∞ M∞
𝑉∞ 𝑅𝑒𝑢∞

(MPa) (m/s) (MPa) (K) (kPa) (K) (m/s) (106 1/m)
270 3.44 10 0.0088 504 1.46 1.76 485 1.01 58.7 6.07 935 14.7
271 1.06 10 0.0087 527 1.53 0.65 515 0.368 62.0 6.09 964 4.88
272 1.76 10 0.0087 527 1.53 1.08 516 0.611 62.2 6.09 966 8.08
274 3.46 10 0.023 505 1.48 2.48 505 1.25 62.9 6.02 960 16.0
276 3.46 10 0.0079 528 1.52 2.11 516 1.25 62.9 6.04 964 16.1

B. Experimental Tagging Velocimetry Setup
As shown in Fig. 4, acetone tagging experiments in the tunnel freestream utilized an externally triggered Spectral

Energies QuasiModo Burst-Mode Laser System, set at 40 kHz CW - 5.5 ms with a 4 ms burst train duration and a
repetition rate of 50 kHz. The average pulse train energy was 7.75 J for 200 pulses, resulting in an average pulse energy
of ≈38 mJ. During a test run, the start of the pulse burst train was triggered by the rising edge of a reservoir pressure
transducer. At a set delay (7.0 ms) from this rising edge, the burst-mode laser system pulses for 4.0 ms at the excitation
wavelength into the test section. For acetone tagging, the fourth harmonic of the Nd:Yag laser, 266 nm, was selected
based on the work of Lozano [30]. The pulse is directed towards the test section and is focused by an 𝑓 = 500 mm
plano-convex lens. The beam enters the test section through a 0.0254 m (1 in) diameter, 3 mm (0.12 in) thick fused-silica
glass window.
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Fig. 3 Pressure Traces and Freestream Velocimetry Data for Stevens Shock Tunnel Experiments. Test times are
indicated by a thick red lineweight. Run conditions are listed in Table 1.

The approach and coordinate transformation of Mustafa et al. [10] were implemented to interrogate the boundary
layer. As shown in Fig. 5, the 266 nm excitation laser beam was oriented approximately tangential to the hollow cylinder
portion of the test article, in a location outside the flare interaction region. Additionally, to increase wall resolution, the
beam was focused to ≈33 µm near the true tangent of the cylinder. By grazing the surface of the cylinder, the size of the
laser-induced ablation plume at the wall was minimized. The probing location was 0.9 m (35.5 in) from the cylinder
leading edge. A 0.15 m (6 in) long trip composed of 40 grit and 50 grit sanding belts was placed 0.26 m (10 in) from
the sharp leading edge to trip turbulence. A coordinate transformation between the measured image coordinate 𝑦𝑚 from
the no-slip condition to the wall-normal coordinate 𝑦 was derived, using Fig. 5 and the Pythagorean Theorem:

𝑦 =

√︂(
𝑅 cos

(
sin−1 𝑦𝑤

𝑅

))2
+ (𝑦𝑚 + 𝑦𝑤)2 − 𝑅, (1)

where 𝑅 is the radius of the hollow cylinder (0.0508 m) and 𝑦𝑤 is the location of the no-slip condition from the true
tangent of the cylinder, as seen by the camera. Eq. 1 simplifies to

𝑦 =

√︃
𝑅2 + 𝑦2

𝑚 + 2𝑦𝑚𝑦𝑤 − 𝑅. (2)

The imaging system consisted of a Phantom TMX 7510 with a 135 mm Carl Zeiss lens. The length scale is
15.0 pixels/mm. The gate width of the Phantom camera was set to 100 ns. The camera was pulsed by a Berkeley
Nucleonics Model 577 pulse generator, which was triggered at 50 kHz by the QuasiModo Quantum Composer (a signal
generator inside the laser), resulting in a frame rate of 50 kHz (20 µs between frames). The Model 577 pulse generator
synchronized the camera strobe (gate). Using its duty-cycle feature, the pulse generator timed the capture of the write
image at user-defined locations within a given pulse train. It would wait a set number of pulses before obtaining a write
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Fig. 4 Experimental Setup for Tagging Velocimetry in the Stevens Shock Tunnel.

Fig. 5 Schematic that geometrically relates the image coordinate 𝑦𝑚 to wall-normal coordinate 𝑦.

image. Within this set number, read images would be captured. For the experiments in this work, a write frame was
generated every 11 frames.

III. Shock Tunnel Results
Acetone tagging results are presented below for shock tunnel experiments, whose run conditions are listed in Table 1.

Typical acetone mole fractions less 1% were used. A write-read interframe time of 450 ns was used to allow sufficient
displacement to capture signal, observe structure, and minimize velocity measurement error. Shot 272 however used an
interframe time of 700 ns. Sample processed images are shown in Fig. 6. Images were (1) smoothed via a Wiener
Filter, (2) lowpass filtered with a Fast Fourier Transform disc filter, and (3) processed via the peak finding algorithm of
O’Haver [46], which fits a Gaussian to the peak of each row. In Fig. 7a, over 100 profiles are plotted. In Fig. 7b, average
velocity profiles are plotted for the five shock tunnel experiments listed in Table 1. The coordinate transformation, Eq. 2,
effectively stretched the turbulent boundary layer, potentially capturing the log law and viscous sublayer regions. Future
work will involve further reducing this data and confirming the efficacy of the data very close to the wall.
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Fig. 6 Representative Write-and-read Frame Fitting at 5 frames after Each Write Frame in Shot 272. The
letters W and R indicate a write fit and a read fit, respectively.
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Fig. 7 Turbulent Profiles obtained via Acetone Tagging. (a) Profiles for individual read frames for Shot 272.
The heavy Black line represent 𝑢. (b) Average Velocity Profiles for shock tunnel experiments.
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IV. Conclusion
Acetone tagging at nominally 1 % mole fraction was conducted in nitrogen-driven shock-tunnel-generated acetone-

seeded air flows at Mach 6. Tagging results over a hollow cylinder flare are presented for five experiments. Measured
freestream velocities show good agreement with velocity, calculated by our freestream solver. We believe that, in a
turbulent boundary layer, the no-slip condition was observed, and near-wall resolution was established. As such, the
viscous sublayer and log law regions of a turbulent boundary layer were potentially resolved. The intensity of the
acetone tracer can be potentially used to obtain the density profile of the turbulent boundary layer. Additional work
towards conducting Krypton tagging velocimetry with a burst-mode OPO is ongoing in order to reduce required laser
energy and guarantee inertness of the tagged tracer.
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