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Abstract

Acetone tagging velocimetry (ATV) with nominally 1% mole fraction acetone seeding was conducted in a shock-tunnel-
generated hypersonic turbulent boundary layer over a hollow-cylinder-flare at M, = 6.05, T,,/T, = 0.65, Re, = 8925, and
Re, = 408. This single-laser tagging velocimetry experiment measured streamwise velocity and fluctuations, u and u{QMS,
had a repetition rate of 50 kHz, and did not require the use of an image intensifier. The ATV data are non-dimensionalized
via the van Driest transformation and compares well with the literature down to y* & 3; this is into the viscous sublayer. The
Morkovin-scaled fluctuations matched the literature for y* > 10; however, below y* =~ 10, it appears that the noise introduced

by the measurement technique, in addition to the velocity differences being small near the wall, rendered the ATV-measured

Morkovin-scaled fluctuations below y* = 10 not useful.

1 Introduction

High-speed vehicle design requires a reasonably accurate
prediction of the skin friction and heat transfer (Leyva
2017). The state of the boundary layer on such vehicles is
often turbulent which necessitates accurate reduced-order
turbulence models (ROMS), such as the Reynolds-averaged
Navier—Stokes (RANS) approach, because the length and
time scales of such flows are too widespread to be solved
with direct numerical simulation (DNS). It is a requirement
that models like RANS have to be verified over canonical
geometries before they may be applied to more complex
vehicle designs (Holden et al. 2013, 2014). Thus, there is a
need to develop advanced laser diagnostics to probe these
complex flows (Danehy et al. 2018; Jiang et al. 2023).
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The specific motivation of this paper is to address the
dearth of turbulence quantity measurements that sup-
port high-speed turbulence models. Examples of existing
experiments are those by Laderman and Demetriades (1974)
(hotwire), Brooks et al. (2017, 2018) (PIV), Williams et al.
(2018) (PIV), and Neeb et al. (2018) (PIV). Streamwise
velocity and fluctuations from these experiments and DNS
appear to compare reasonably well. However, wall-normal
velocity fluctuation measurements from these experiments
do not match predictions from DNS, nor do they have a
sufficient near-wall resolution (y* < 30). The mismatch
from DNS is an ambiguity that must be rectified because
the DNS predictions are an as-yet unvalidated data set and
the PIV measurements are thought to potentially suffer from
particle-lag (Aultman et al. 2022) at high Knudsen number
(Loth 2008) which essentially acts like a low-pass filter to
the data Brooks et al. (2017, 2018). Tagging Velocimetry
(TV), which is reviewed in Tropea et al. (2007); Danehy
et al. (2018); Jiang et al. (2023), has been proposed as a
non-intrusive diagnostic in the hypersonic flow regime to
provide off-surface, time-of-flight velocity profile measure-
ments that do not suffer from particle lag issues. The long-
term goal with TV is to make time-resolved simultaneous
measurements of streamwise and wall-normal velocity and
fluctuations.

Several popular tracers used for TV include krypton (Par-
ziale et al. 2015; Zahradka et al. 2016; Mustafa and Par-
ziale 2017, 2017a; Mustafa et al. 2017b , 2018; Mustafa
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and Parziale 2018; Mustafa et al. 2019a, b; Shekhtman et al.
2020, 2021; Jiang et al. 2023), oxygen (Clark et al. 2022),
biacetyl (Mirzaei et al. 2012), hydroxyl (Boedeker 1989;
Wehrmeyer et al. 1999; Pitz et al. 2005; Andre et al. 2017),
iodine (McDaniel et al. 1983; Balla 2013), nitric oxide
(Danehy et al. 2003), nitrogen (Michael et al. 2011; Edwards
et al. 2015; Jiang et al. 2016, 2017), and argon (Mills 2016)
as well as many others.

Acetone as a tracer for tagging velocimetry is the sub-
ject of ongoing research. Initially recognized for its use in
planar laser-induced fluorescence (PLIF), acetone is read-
ily available and inexpensive, and the excitation spectrum
is accessible by the fourth harmonic of an Nd:YAG laser,
which is 266 nm light (Lozano 1992; Handa et al. 2011; Fra-
tantonio et al. 2018). A review of the complex photophysics
of acetone can be found in Blitz et al. (2006). Additionally,
the discussion in Sect. 4 of Lempert et al. (2003) explains
the subtle difference between the fluorescence, which has
a decay time of & 1 pus, and phosphorescence, which has a
decay time of ~ 1000s p s. Additional research on the photo-
physics of acetone can be found in Schulz and Sick (2005);
Tran et al. (2005); Tran (2008); Fratantonio et al. (2018),
among others.

Acetone tagging velocimetry (ATV) with a 266 nm laser
was demonstrated by Lempert et al. (2002, 2003) in an ace-
tone-seeded nitrogen jet with a 250-500 ns write/read delay
time and a camera gate of 20 ns. Images were averaged over
3-10 s at a repetition rate of 10 Hz. Handa et al. (2014)
used ATV to study supersonic rectangular microjets using
a 20 ns gate and a 300-900 ns write/read delay. Gragston
and Smith (2022) performed acetone tagging at 10 kHz in
acetone-seeded air to probe the freestream and turbulent
boundary layer of the test section of the UTSI Mach 4 Lud-
wieg Tube. Interframe times are 10—16.7 ps, and gate width
is not reported. Andrade et al. (2022) 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 pus and an effective
interframe time of longer than 15 ps; the interframe time in

that work is inferred from the line displacement and edge
velocity.

In this paper, we discuss the experimental approach as
applied to Mach 6 turbulent boundary-layer flow over a hol-
low-cylinder flare (HCF). We report the turbulent bound-
ary-layer profiles of streamwise velocity and fluctuations, u
down to a y* ~ 3 and «’ down to y* ~ 10, which appear to
be some of the first such measurements in the literature in
hypersonic, turbulent flows using the TV technique. These
data are then non-dimensionalized and compared to litera-
ture with favorable agreement.

2 Experimental setup
2.1 Ground-test facility and run conditions

The Stevens Shock Tunnel (Fig. 1) was designed to repli-
cate Mach 6 free-flight flow conditions with an enthalpy
of 1.5 MJ/kg and a unit Reynolds number of up to
Re! =8 10° m™ for at least 5 ms when using helium as
a driver gas and air or N, as the driven (test) gas (Shekht-
man et al. 2022). Using nitrogen as the driver gas and air/
N, as the driven (test) gas with a pressure ratio of 10, the
enthalpy in the nozzle reservoir is typically ~ 0.5 MJ/kg and
offers a test time of 12-15 ms and up to Re =32 x 10°m™".
For this campaign, we choose the ~ 0.5 MJ/kg condition at
Re! =16 x 10° m™' because of the relatively high Reyn-
olds number and modest reservoir temperature (7, = 500 K)
which precludes the breakdown of acetone in the reservoir
(details of this assertion follow). In the current configuration,
we have a double-diaphragm separating the driver section
(5.0 m long), and the driven section (11.07 m long), both of
which have a 194 mm inner diameter. The nozzle exit diam-
eter is 406 mm with a core of approximately 330 mm. The
hollow-cylinder flare (HCF) test article fits within the invis-
cid test rhombus, as shown in Fig. 2. The HCF is 1 m-long
with a 0.102 m outer diameter hollow cylinder and a 34° flare
of maximum diameter 0.203 m. A 0.15 m (6 in) long trip
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Fig.1 Schematic of Stevens Shock Tunnel. Drawing to scale. Scale is driver tube is 5 m
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Fig.2 Experimental Approach for Tagging Velocimetry in the Stevens Shock Tunnel. Diagram of setup

The Driven Gas

Air‘ f Air + Acetone(v)

] I <= Feedthrough
Cap

Graduated
Cylinder

Acetone (¢)

[IOLERLELELEELTELEOIDERDLEERTY

Fig.3 Schematic of Acetone Bubbler

composed of 50 grit sanding belt was placed 0.26 m (10 in)
from the sharp leading edge to induce turbulence.

Acetone vapor was seeded into air as the driven-section
test gas via a bubbler, which consisted of a capped graduated
cylinder as shown in Fig. 3. The 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. Given the acetone mass and the composition of
air, a fixed-point iteration method using Cantera (Goodwin
2003) was used to calculate the mole fraction of acetone in
the test gas. Run conditions are shown in Table 1. Reser-
voir conditions were calculated with both Cantera and the
Shock and Detonation Toolbox (Browne et al. 2006). The
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Fig.4 Pressure Traces and Freestream Velocimetry Data for Shot
270. Test times are indicated by a thick red lineweight. Run condi-
tions are listed in Table 1

appropriate thermodynamic data are found in the literature
(Gordon and McBride 1999; McBride et al. 2002).
Freestream conditions were calculated via the method
described in Mustafa et al. (2017) and Korte et al. (2021),
utilizing reservoir and Pitot pressure traces and assum-
ing an isentropic expansion to iteratively find freestream
Mach number M. In Fig. 4, we show representative res-
ervoir and Pitot-pressure traces as well as the freestream
velocity as measured at the boundary-layer edge with ATV.
The freestream velocity measurements compare well with
the calculated velocity denoted by a dashed green line,
bringing confidence to the run-condition calculations. To
assess model alignment, static pressure on the surface of
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Fig.5 Acetone Mole Fraction versus Time in seeded Nitrogen (a)
and Air (b)

the cylinder at azimuthal angles of 60 and 300 degrees at
x = 0.100 mm and 0, 120, and 240 degrees at x = 0.600 mm.
These measurements were all within 3% bringing confidence
to model alignment in the test section and flow uniformity.
Of concern during this campaign was the degree to which
the acetone would pyrolyze and react with the test gas. Using
nitrogen as the driver gas and a pressure ratio of 10, the res-
ervoir temperature is typically 7, ~ 500 K. Sato and Hidaka
(2000) found that at a steady state temperature exceeding
573 K, acetone will pyrolyze, which in the present experi-
ments would complicate reservoir-condition calculation and
potentially reduce tracer signal. However, the risk of acetone
pyrolysis is reduced considerably by the short run times of
the tunnel (= 20 ms). To investigate this, we perform a
kinetics study assuming an initial acetone mole fraction of
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0.01 with a mechanism from Yu et al. (2018). Results are
presented for acetone-seeded air and nitrogen at various
temperatures in Fig. 5. For temperatures below 1200 K for
acetone-seeded nitrogen and air at pressure 3.5 MPa, there
is little predicted acetone decomposition during the useful
test time of the Stevens Shock Tunnel. Therefore, acetone-
seeded air can be used for shock tunnel experiments in which
the reservoir temperature does not exceed 1200 K, given a
reservoir pressure of 3.5 MPa (500 psi). From this, we con-
clude that there is no appreciable acetone degradation in the
reservoir for the current test campaign.

2.2 Experimental tagging velocimetry setup

The motivation of this work is to make high-fidelity obser-
vations of high-speed turbulence for comparison to com-
putations. To design a relevant experiment, we must make
estimates of the prominent scales in the flow, noting an
approximate boundary-layer thickness of 6 ~ 10 mm,
which was determined from the mean flow profile, and
freestream velocity of U, =~ 1000 m/s. As such, we esti-
mate some large structures in the flow to have a timescale
of 7, ® 6/U,, =~ 10 ps. We aim to resolve structures of this
timescale and smaller. This is why we choose the method of
successive imaging of fluorescence of Lempert et al. (2002,
2003) and choose an write/read delay time of 450 ns with
an exposure time of 95 ns. Due to Nyquist, the smallest tur-
bulent time scale we can resolve is twice the 450 ns write/
read delay time, resulting in a Nyquist frequency for each
snapshot of approximately 1 MHz.

In contrast to other TV techniques, the laser and imaging
setup is relatively simple. The imaging system consisted of
a Phantom TMX 7510 with a 135 mm Carl Zeiss lens and a
20 mm lens tube to increase magnification. The image length
scale is 15.0 pixels/mm. The camera was pulsed by a Berkeley
Nucleonics Model 577 pulse/delay generator (PDG), which
was triggered at 50 kHz by the QuasiModo Quantum Com-
poser (a signal generator inside the laser), resulting in a frame
rate of 50 kHz (20 ps between frames). The PDG synchronized
the camera strobe (gate) using its duty-cycle feature, timing the
capture of the write images at user-defined locations within a
given pulse train. As shown in Fig. 6, one write image is cap-
tured at zero delay from a single 266 nm laser pulse. Then, ten
consecutive read images are captured by gating the camera at a
delay of 450 ns from ten respective laser pulses (the write/read
delay time)—one laser pulse per read image. Then, the duty-
cycle resets and one write image is captured at zero delay from
a single 266 nm laser pulse and ten read images are captured at
a delay of 450 ns from ten respective laser pulses, and so on.

As shown in Fig. 2, ATV experiments utilized an exter-
nally triggered Spectral Energies QuasiModo 1200 Burst-
Mode Laser System, where we prescribe a 4 ms burst train
duration, a repetition rate of 50 kHz, and a pulse duration
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Table 1 Run Conditions, where P, is driver-section nitrogen gas pres-
sure; P, /P, is the driver-to-driven pressure ratio that determines the
driven air gas pressure P; u, is the shock speed; M, is the shock Mach
number; T} is the reservoir temperature; Pj is the reservoir pressure;

P, is the freestream pressure, T, is the freestream temperature, M
is the freestream Mach number, U, is the time-averaged freestream
velocity, and Re!_is the unit Reynolds number

Shot Py(MPa) P Xy, u(mis) M, Py (MPa) Tp (K) Py (kPa) T (K) M, U, (m/s) Re’ (10°1/m)
270 3.44 10 0.0088 504 146 1.76 485 1.01 58.7 6.07 935 14.7
273 3.44 10 0.012 511 148 1.79 488 1.01 59.0 6.08 940 14.6
274 3.46 10 0.023 505 148 248 505 1.25 62.9 6.02 960 16.0
276 3.46 10 0.0079 528 .52 2.11 516 1.25 62.9 6.04 964 16.1
280 345 10 0.015 500 146 217 510 1.21 61.9 6.08 962 16.1
282 3.45 10 0.015 510 148 2.12 509 1.26 62.9 6.02 960 16.2
Average  3.45 10 0.013 510 148 2.07 502 1.17 61.4 6.05 954 15.6
Fig.6 Duty-cycle Timing
Diagram < One Duty-Cycle >
1 Write Frame (W)
10 Read Frames (R)
450 ns=p
450 ns
->| l<-
W RIRIRIRIRIRIRIIRIIRR R w
>t (us)
°% 0. o N %, o 2 M B B 9 2

of 10 ns. The average pulse train energy was 7.75 J for
200 pulses at 266 nm, resulting in an average pulse energy
of ~ 38 mJ. Frequency conversion from the fundamental
1064 nm was performed with two successive frequency-dou-
bling crystals built into the system. Of the 4 ms burst width,
the laser generated sufficient intensity for ~ 3 ms, which
corresponds to 150 frames. During a test run, the start of
the pulse burst train was triggered by the rising edge of a
reservoir pressure transducer. At a prescribed delay (7.5 ms)
from this rising edge, the burst-mode laser system pulses at
the excitation wavelength into the test section (see the timing
in Fig. 3). The pulse is directed toward 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.

The approach and coordinate transformation of Mustafa
et al. (2019b) were implemented to interrogate the boundary
layer. As shown in Fig. 7, the 266 nm excitation laser beam
was oriented approximately tangential to the hollow cylin-
der portion of the test article, in a location upstream of the
shock-wave/turbulent boundary-layer interaction to increase

M Laser Pulse (10 ns)
B Camera Gate (95 ns)

Yw h T~ N

I | SR q_b__:‘_:\g
True/ _VRZ_Y\AZ/_°|
Tangent

Laser

Fig.7 Schematic that geometrically relates the image coordinate y,,
to wall-normal coordinate y
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wall resolution. The beam was focused to ~ 68 pm near the
true tangent of the cylinder. The spot size was determined to
be diffraction limited, assuming M? = 4 (per manufacturer
specification) for the 266 nm laser. 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. Using Fig. 7 and
the Pythagorean Theorem, a coordinate transformation
between the measured image coordinate y,, to the wall-nor-
mal coordinate y was derived:

y= \IRE+y3n+2ymyw_Rcv (1)

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

3 Results

Acetone tagging results are presented for the shock tunnel
experiments whose run conditions are listed in Table 1.
Acetone mole fractions were 0.9-2.3%. A write/read delay
time of 450 ns was used to allow sufficient displacement to
capture the signal, observe structure, and minimize velocity

Write-Read Fits, 9.18 ms  Write-Read Fits, 9.44 ms
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Fig. 8 Representative write- and read-frame fitting from Shot 280.
The letters W and R indicate a write fit and a read fit, respectively.
The y-coordinate is y,, in Fig. 7
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measurement error. Sample processed images are shown in
Fig. 8. Write and read images were processed as follows: (1)
cropped to the region of interest; (2) smoothed via a Wie-
ner Filter; (3) zeroed to the minimum value and normalized
by the resulting image maximum value; (4) smoothed by
10 pixels across each row, and (5) processed via the peak-
finding algorithm of OHaver (1997), which fits a Gaussian
to the peak of each row.

The write lines were fitted to the write images which
were recorded every 11 frames to monitor any displacement
between the laser and the HCF during a run. These write
lines are marked as W in Fig. 8. The read lines, marked as R,
were extracted from the processed read images which were
recorded 10 out of 11 frames. Also note that the y-coordi-
nate in Fig. 8 is y,, in Fig. 7 prior to the scaling of Eq. (1).
Profiles with velocity less than —1000 m/s and greater than
+2000 m/s were removed from the ensuing analysis. These
erroneous samples comprised less than 5% of the data. Rows
of data and fits to that data processed via the peak-finding
algorithm of OHaver (1997) for Shot 280 at 9.18 ms are
presented in Fig. 9. Dataat y,, = 5.85mmand y,, = 37.8 mm
represent data from the boundary layer and the freestream,
respectively.

Error for the ATV measurements are calculated in the
same fashion as Zahradka et al. (2016):

~ — QU \? | [~ U \? ou, \’
U= (A —) (At—) r ZAr), @
\/ Yonx) T\Bar) TN, @

where uncertainty estimates of a variable are indicated with
a tilde. The uncertainty in the measured displacement dis-
tance, Z;c, of the tracer is estimated as 25 p m from the
95% confidence bound on the write and read locations from

1 T T T
e Data at y,, = 37.8 mm
Fit at y,,, = 37.8 mm

o8kl © Data at y,, = 5.85 mm i
’ Fit at y, = 5.85 mm
. ® Write line data
[j 06 Write line fit
iﬂ; .
=
£ 0.4
A
0.2
q
3
o o ., @ 1 L L ® ¢
40 30 20 10 0 10 20
x-Pixel

Fig.9 Rows of data and fits for Shot 280 at 9.18 ms in Fig. 8. Data at
Y, = 5.85 mm and y,, = 37.8 mm represent data from the boundary
layer and the freestream, respectively
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the Gaussian fits due to a bootstrap error analysis (OHaver
1997). This results in an estimated minimum resolvable
velocity of U, ;. ~ 2Ax/At ~ 100 m/s, which is less than half
of the minimum average velocity in Fig. 10. The uncertainty
in time, 52, is estimated to be half the camera gate width,
47.5 ns, which causes fluorescence blurring as considered
in Bathel et al. (2011). The third term in Eq. (2) is uncer-
tainty in streamwise velocity due to wall-normal flow in the
xy-plane. This formulation is taken from Hill and Klewicki
(1996) and Bathel et al. (2011). The wall-normal fluctua-
tions used in Eq. (2) (V&MS) are conservatively estimated to
be 10% of the edge velocity.

For a given experiment, 150 usable frames were recorded
(~ 3 ms at 50 kHz). This limitation is imposed by concerns
of burning optics in the laser or elsewhere if the pulse train
were to be made longer. This is not sufficient to generate
statistically significant mean and fluctuating boundary-layer
profiles. As such, we repeat the same condition six times
to generate sufficient realizations. In Fig. 10, profiles are
plotted for the six experiments listed in Table 1. Of the six
experiments performed, two experiments (Shot 270 and
Shot 273) were unable to capture near-wall resolution due
to laser-induced breakdown on the surface of the hollow
cylinder. We believe that the noise from the relatively long-
lived laser-induced breakdown was worse for the excluded
two runs because the laser beam was not issued tangentially
enough to the hollow cylinder; that is y,, in Fig. 7 was too
large. We also note that Khalil et al. (2006) observed a

e ATV - 4 Shots

141 _ ATV - 6 Shots

12

10

y (mm)

0 250 500 750 1500

u (m/s)

1000

1250

Fig. 10 All velocity profiles for all six experiments are plotted as thin
multicolored lines. The mean velocity profile of all six experiments is
blue and the red profile is a subset of four where we found sufficient
near-wall SNR. Black error bars due to Eq. (2)
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Fig. 11 Distribution of velocity at the boundary layer edge. Error bar
is in black and corresponds to the boundary-layer edge in Fig. 10

similarly long =~ 1 ps lifetime of stainless steel laser-induced
breakdown. The average near-wall velocity profile data for
the remaining four shots are plotted in red and includes 377
realizations while the blue line depicts the average profile for
all six experiments and includes 555 realizations.

To average the data for non-dimensionalization, there is
a concern that the run conditions are disparate. In Fig. 11, a
distribution of the velocity at the boundary-layer edge, U,, is
presented along with the computed error of mean velocity.
The measured mean velocity is 975 + 70 m/s (7%), which is
well within the computed freestream velocity reported for any
experiment in Table 1. This brings confidence to the run-con-
dition calculation, as well as the presentation of an averaged
run condition at the bottom of Table 1.

4 Discussion

In this section, the data are non-dimensionalized and compared
to data from the literature. To compare data from separate shots
where the run conditions were very similar but not identical,
the data from each experiment is first non-dimensionalized and
then the resulting non-dimensional data is averaged. Note that
the alternative method of first averaging all the profiles and then
performing the non-dimensionalization results in essentially the
same figures. The averaged conditions are listed in the bottom
row of Table 1 and, in an additional form, here in Table 2.

Table 2 Turbulence Quantities

Me Tw/Tr Reﬂ Ref C/- X 103 u,
(m/s)
6.05 0.65 8925 408 1.07 52.4
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Following the formulation of Huang and Coleman (1994),
the experimentally obtained velocity can be non-dimension-
alized with the van Driest transformation as

RU*+H
Ut = 1 sin”! RUT+H) _ sin”! <ﬁ) ,
VbR D D
where U* =u/u,, shear velocity u,=4/7,/p,
D =1/1+R?H? with parameters defined as follows:

M, =u./\/(r - DC,T,

w

3

R=M, and

heat transfer coefficient

B, =gq,,/(p,,C,u,T,), and turbulent Prandtl number P, = 0.9

(Danis and Durbin 2022). Here, u is the measured velocity,
u’ is the measured fluctuating velocity, g,, is the heat flux into
the flow from the wall, p,, is the density of the gas at the
wall, C, is the constant pressure, mass-specific heat capacity,
y is the specific heat ratio, 7, is the wall temperature, and 7,,
is the wall shear stress. The temperature profile is obtained
via Walz’s use (Walz 1959) of the Crocco—Busemann rela-
tion (White 2006) as

_ T, m
T=T,[1+(=2-1)%
TW Ue
_\2 “)
_DMZ L\(&
2 ve\T, )\U.) |

where U, is the edge velocity, T, is the edge temperature,
M, is the edge Mach number, 7, is the recovery temperature

1+ <%>rM§] 5)

T.=T,

and r is the recovery factor estimated to be 0.9 ~ Pr'/3. The
mean density profile is determined as 5 = p,,T,, /T, assuming
negligible wall-normal pressure gradient. Using the result-
ing mean density profile, p, the momentum thickness Reyn-
olds number is calculated to estimate a friction factor coef-
ficient, Cf, from a compressibility-corrected friction factor
correlation, which is then used to estimate wall shear stress
7, =(1/ 2)peusz. Recent work by Huang et al. (2022) states
that “[a]lmong the various combinations of compressible
transformations and incompressible correlations for the skin
friction, the combination of van Driest II transformation with
the power-law relation of Smits et al. (1983) correlates best
with the DNS data" at Mach numbers and wall-temperature
ratios similar to the present work. The Smits et al. (1983)
compressibility-corrected friction factor is calculated as
1

C = F0.024(F0Reg)_1/4, ©)

where the compressibility corrections are F, = u,/p,, and
(y — l)er
© 2(sin~!(a) + sin”' (B))2

(N

with parameters defined as a = (242 — B)/V/4A? + B2,
beta = B/VA4A*+ B>, A= /05 = DMZ/F -

Using the Reynolds analogy, the heat flux, g,,, into the
flow from the wall can be calculated as

4y = peUeCp(Tw - Tr)Che’ ©))]

where the Stanton number is Gy, = C;/(2Pr*/?) (White
2006).

30 —rr -
smmnnm Uf,=y"
o5 |mm wmU/,=1kn(y")+C -
[ ) ATV - 6 Shots ﬂ_
@ ATV -4 Shots -
20 DNS - Duan et al. 2011 - M6 T
a PIV - Williams et al. 2018 - Reg = 6520
+2 15 F -
& 5
10 L i
—
5F —t£° -
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10° 10" 102

Yt = puttry/

Fig. 12 Van Driest non-dimensionalization of ATV data and comparison to DNS in Duan et al. (2011) and PIV in Williams et al. (2018). Verti-

cal black lines are error estimate for ATV data
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The non-dimensionalized ATV data are plotted for all six
shots (555 realizations) for y* > 10 and for four shots (377
realizations) for y* > 3in Fig. 12. Two shots were excluded
because, in those experiments, the laser-induced break-
down and reflections precluded near-wall measurement.
Also included are data from the literature, DNS calculations
from Duan et al. (2011) and PIV measurements from Wil-
liams et al. (2018) at conditions similar to those reported in
Table 2. The error bars of the current ATV data overlap with
existing data in the literature. Discrepancies among the data
sets are greatest in the wake region which could be Reynolds
number dependent.

The Morkovin (1962) scaling of the streamwise velocity
fluctuations is presented in Fig. 13. This scaling, which was
intended to account for the density variation in the bound-
ary layer, is also compared against data from the literature,
again from Duan et al. (2011) and Williams et al. (2018).
In Fig. 13, the streamwise fluctuations between the present
experiments and the literature match well for the subset of
4 experiments above y* > 10 (y/5 > 0.03). However, the
fluctuations reported for 3 < y* < 10 (y/$ < 0.03) do not
appear to be physical or follow the trends in the literature.
We assert that, in the current experiments, there is noise
arising from the measurement technique which artificially
increases the reported fluctuation level but does not appear
to affect the mean. Additionally, we note that, near the wall,
Upys 1 the difference between a smaller instantaneous veloc-
ity and its mean; and therefore, the associated error with
tagging velocimetry is larger (see Eq. (2)). The noise from
the measurement technique is the result of laser reflections
and small laser-induced breakdown at the model surface.
For y/é > 1, the fluctuations do not trend to zero due to (a)
camera jitter, which is & 20 ns (less than half of the At =

47.5 ns uncertainty in time used to determine the error bars
in Eq. (2)) and (b) decreased SNR at and above the bound-
ary-layer edge because the laser was not as focused here.

In Table 3, we present some of the relevant length scales
in the flow in the context of some of the length scales of the
measurement technique to bring confidence in the presenta-
tion of results for the mean velocity profile into the viscous
sublayer of a hypersonic turbulent boundary layer. Specifi-
cally, the scales of the lowest measurement point and the
overlap region are compared to the camera resolution and
the calculated beam waist diameter. The relation between
¥,, and y is found in Eq. (1) and illustrated in Fig. 7. The
mapping of y,, to y appreciably stretches the boundary layer
out, especially at the wall, as Shekhtman (2022) Section 3.1
showed via a Taylor series expansion that y ~ )’,271 /(2R,) for
yn/R < 1and y, = 0. This stretching alleviates concerns
that beam waist and camera resolution are on the same order
of the measurand. The uncertainty in determining y from
recorded images as in Fig. 7 and processed with Eq. (1) is
estimated as

2 2 2
(mL) (FLY s (m2)
Here, we estimate that the uncertainty in the HCF radius is
TRC = 0.0011in (25.4 p m) from doubling the machining tol-
erance. The uncertainty in the recorded location of where
the laser strikes the HCF is estimated to be Z}; =134pm
(within 2 pixels). The uncertainty in the measured image
coordinate is estimated to be Z}; = 134 p m (within 2 pix-
els). The spanwise location of where the laser strikes the
HCFis

R? —y2 (Fig. 7). Assuming this location is known

WK T T T T T T T T T T T
3 @) ATYV - 6 shots -
O ATV - 4 shots
== == DNS - Duan et al. 2011 - M6
PIV - Williams et al. 2018 - Reg = 6520

/ (\ép_wuf)
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|
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Fig. 13 Morkovin scaling of ATV data of streamwise fluctuations, u,

Williams et al. (2018)

RMS’

and comparison to the DNS data in Duan et al. (2011) and PIV data in
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Table 3 Flow and measurement technique length scales

y Vm y/o v
pm pm
Lowest u 100 1400 0.01 3
Measurement
Overlap 300 3300 0.03 10
Region
Camera <10 67/pix < 0.001 <03
Resolution
aty,, =0
Beam Waist <10 68 < 0.001 <03
aty, =0

to within 500 pm (that is, the spanwise location of where the
laser strikes the HCF) the uncertainty in the transformed
wall-normal coordinate is y = 20 um.

5 Conclusion

Acetone tagging velocimetry (ATV) with nominally 1%
mole fraction acetone seeding was conducted in a shock-
tunnel-generated hypersonic turbulent boundary layer
over a hollow-cylinder flare at M, = 6.05, T,,/T, = 0.65,
Re, = 8925, and Re, = 408. This single-laser tagging
velocimetry experiment, which recorded mean and fluctu-
ating streamwise velocity (u and ug, ), had a repetition rate
of 50 kHz and did not require the use of an image intensifier.
Results are presented for six experiments at nominally the
same run condition. The measured velocity at the boundary-
layer edge is in good agreement with the freestream veloc-
ity calculated with the Stevens Shock Tunnel run-condition
calculation procedure.

The ATV data are non-dimensionalized via the van Driest
transformation and compared to literature with DNS data
from Duan et al. (2011) and PIV measurements from Wil-
liams et al. (2018). For all six shots at y* > 10 (555 realiza-
tions), the velocity compares well with the literature, and
for four shots (377 realizations), velocity was reported down
to y* = 3; this is into the viscous sublayer. Two shots were
excluded because, in those experiments, the laser-induced
breakdown and reflections precluded near-wall measure-
ment. The Morkovin-scaled fluctuations matched the litera-
ture for y* > 10; however, below y*t & 10, it appears that
the noise introduced by the measurement technique, in addi-
tion to the velocity differences being small near the wall,
rendered the ATV-measured Morkovin-scaled fluctuations
below yt = 10 not useful.

@ Springer

Future work involves designing an experiment to measure
the wall-normal velocity and fluctuation level, as this is dif-
ficult to measure with particle-based methods (Brooks et al.
2018; Aultman et al. 2022); also, tunnel conditions, such as
reservoir enthalpy, could be altered to expand the parameter
space. Manipulating the photophysics of acetone with an
additional CW laser, as is done with certain applications of
other tagging techniques, could be performed to increase the
tracer lifetime, increase SNR, and decrease required laser-
pulse energy. Of technical interest will be efforts to increase
the frequency and pulse count from the burst-mode laser to
get statistics out of a single experiment. Additionally, meth-
ods to more accurately control and reduce the acetone seed-
ing are worthy efforts.
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