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Abstract The krypton tagging velocimetry (KTV) tech-
nique is applied to the turbulent boundary layer on the wall
of the “Mach 3 Calibration Tunnel” at Arnold Engineer-
ing Development Complex (AEDC) White Oak. Profiles
of velocity were measured with KTV and Pitot-pressure
probes in the Mach 2.7 turbulent boundary layer com-
prised of 99 % N»/1 % Kr at momentum-thickness Reyn-
olds numbers of Reg = 800, 1400, and 2400. Agreement
between the KTV- and Pitot-derived velocity profiles is
excellent. The KTV and Pitot velocity data follow the law
of the wall in the logarithmic region with application of the
Van Driest I transformation. The velocity data are analyzed
in the outer region of the boundary layer with the law of
the wake and a velocity-defect law. KTV-derived stream-
wise velocity fluctuation measurements are reported and
are consistent with data from the literature. To enable near-
wall measurement with KTV (y/é =~ 0.1-0.2), an 800-nm
longpass filter was used to block the 760.2-nm read-laser
pulse. With the longpass filter, the 819.0-nm emission from
the re-excited Kr can be imaged to track the displacement
of the metastable tracer without imaging the reflection and
scatter from the read-laser off of solid surfaces. To operate
the Mach 3 AEDC Calibration Tunnel at several discrete
unit Reynolds numbers, a modification was required and is
described herein.
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1 Introduction

The need to accurately assess the heat transfer, skin fric-
tion, and velocity profiles on high-speed vehicles is born
out of a thrust for rapid space access (Bilardo et al. 2003)
and conventional prompt global strike (CPGS) (Woolf
2014). Progress has been made in the computation of high-
speed and reacting flows, as reviewed in Candler (2015)
and Schwartzentruber and Boyd (2015). Moreover, the
uncertainty that arises from the application of the state-of-
the-art (SOA) research codes to hypersonic problems has
been characterized, as in Bose et al. (2013). Obtaining test
and evaluation (T&E) data for high-speed vehicle devel-
opment (Marren et al. 2001) and validation data for SOA
research codes is the motivation for the development of
new velocimetry diagnostics, especially for application in
demanding testing environments.

There are a number of methodologies for making veloc-
ity measurements in fluid flows such as pressure-based
measurement, thermal anemometry, and particle-based
techniques (laser-Doppler velocimetry, global Doppler
velocimetry, and particle image velocimetry (PIV)); for a
contextual review see McKeon et al. (2007). The measure-
ment of velocity with pressure-based and thermal anemom-
etry methods are refined in that they can consistently yield
data with low uncertainty; however, these techniques are
intrusive, which eliminates them as candidates in certain
flow regimes. Moreover, frequency response, spatial reso-
lution, and required assumptions regarding the local tem-
perature are limitations for velocity measurement using
Pitot probes. Particle-based methods of velocimetry, PIV in
particular, can currently produce high-quality multi-com-
ponent velocity data (Clemens and Narayanaswamy 2014);
in addition, PIV can yield field information about vorti-
city and pressure after further data processing (Charonko
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et al. 2010). However, the limitations of implementing
particle-based techniques in high-speed facilities include
timing issues associated with particle injection (Haer-
tig et al. 2002) and reduced particle response at Knudsen
and Reynolds numbers (Loth 2008) typical of high-speed
windtunnels.

An alternative velocimetry technique, tagging velocime-
try, will be the focus of this paper; it is typically performed
in gases by tracking the fluorescence of a native, seeded,
or synthesized gas. In contrast to PIV, seeding and particle
response issues are reduced or eliminated. Noted methods
and tracers for tagging velocimetry include VENOM (Hsu
et al. 2009a, b; Sanchez-Gonzalez et al. 2011, 2012, 2014),
APART (Dam et al. 2001; Sijtsema et al. 2002; Van der
Laan et al. 2003), RELIEF (Miles et al. 1987, 1989,
1993, 2000; Miles and Lempert 1997), FLEET (Michael
et al. 2011; Edwards et al. 2015), iodine (McDaniel et al.
1983; Balla 2013), acetone (Lempert et al. 2002, 2003;
Handa et al. 2014), and the hydroxyl group (Boedeker
1989; Wehrmeyer et al. 1999; Pitz et al. 2005) among oth-
ers (Hiller et al. 1984; Gendrich and Koochesfahani 1996;
Gendrich et al. 1997, Stier and Koochesfahani 1999).

In this paper, we present the KTV setup and excitation/
emission scheme which enables imaging the displaced Kr
tracer at a different wavelength than that used to re-excite
the Kr tracer. We describe a modification of the Mach 3
AEDC Calibration Tunnel which facilitates operation at
several discrete unit Reynolds numbers consistent with
AEDC Hypervelocity Tunnel 9 run conditions that are rel-
evant to the study of shock-wave boundary layer interaction
(SWBLI). We present KTV and Pitot probe-based velocity
measurements for a Mach 2.7 turbulent boundary layer on
a windtunnel wall. We non-dimensionalize the velocimetry
results in the logarithmic and outer regions of the boundary
layer, and we present fluctuation data derived from KTV
measurements and compare it to data from the literature.

2 Krypton tagging velocimetry (KTV) setup

Krypton tagging velocimetry (KTV), relative to other tag-
ging velocimetry techniques, relies on a chemically inert
tracer. This property may enable KTV to broaden the util-
ity of tagging velocimetry because the technique can be
applied in gas flows where the chemical composition is dif-
ficult to prescribe or predict. The use of a metastable noble
gas as a tagging velocimetry tracer was first suggested by
Mills et al. (2011) and Balla and Everhart (2012). KTV was
first demonstrated by Parziale et al. (2015a, b) to measure
the velocity along the centerline of an underexpanded jet
of No/Kr mixtures. In that work, pulsed tunable lasers were
used to induce fluorescence of Kr atoms that were seeded
into the flow for the purposes of displacement tracking.

@ Springer

The excitation/emission scheme used in this work is
slightly different than in the original KTV work by Parzi-
ale et al. (2015a, b). Two high-precision 800-nm longpass
filters (Thorlabs FELHO0800, transmission of Se—4 % at the
read-laser wavelength of 760.2 nm) are placed in series in
front of the image intensifier to minimize the noise result-
ing from the read-laser pulse reflection and scatter from
solid surfaces. This was done to enable the imaging of fluo-
rescing Kr atoms near the windtunnel wall.

Following the energy level diagram (Racah nl[K]; nota-
tion) in Fig. 1, KTV is performed as follows:

1. Seed a base flow with krypton locally or globally.

2. Photosynthesize metastable krypton atoms with a
pulsed tunable laser to form the tagged tracer: two-
photon excitation of 4p6(]So) — 5p[3/2]> (214.7 nm)
and rapid decay to 5p[3/2]» — 5s[3/21} (819.0 nm)
and the metastable state via 5p[3/2], — 5s[3/2]9
(760.2 nm). We estimate that the creation of the meta-
stable atoms which comprise the "write line," or tracer,
takes approximately 50 ns (Chang et al. 1980).

3. Record the displacement of the tagged metastable kryp-
ton by imaging the laser induced fluorescence (LIF)
that is produced with an additional pulsed tunable
laser: re-excite 5p[3/2]> level by 5s[3/2]5 — 5p[3/2]»
transition with laser sheet (760.2 nm) and read spon-
taneous emission of 5p[3/2], — 5s[3/2]7 (819.0 nm)
transitions with a camera positioned normal to the flow.
We estimate that the fluorescence from the Kr tracer
occurs approximately 50 ns after the read-laser pulse.

The experiment was run using two tunable lasers to pro-
vide the 214.7 nm (write) and 760.2 nm (read) laser beams
required for KTV (schematic in Fig. 2). The write-laser
consisted of a frequency tripled PR8010 Nd:YAG laser
and a frequency doubled Continuum ND6000 Dye Laser.
The Nd:YAG laser pumped the dye laser with 400 ml/
pulse at a wavelength of 355 nm. The dye in the laser was

op [3/2]2

55 [3/2])

55 [3/2)

Energy —p»

4p°(*So)

Fig. 1 Energy diagram for KTV. Racah nl[K]; notation
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Fig. 2 Setup of experiment with lasers, test section, and tunnel modi-
fication (boxed in red). F flashlamp, Q Q-switch, PDG pulse delay
generator, P—B prism is Pellin—Broca prism

Coumarin 440 and the laser was tuned to output a 429.4 nm
beam. Frequency doubling of the dye laser output was
preformed using an Inrad BBO-C (65°) crystal placed in
a Inrad 820-360 gimbal mount, resulting in a laser beam
with two wavelengths, 214.7 and 429.4 nm. The 214.7 and
429.4 nm beams were separated with a Pellin—Broca prism.
The 429.4 nm wavelength beam was sent to a beam dump
and the 214.7 nm wavelength beam was directed to the test
section.

The write-laser beam setup resulted in approximately
1 mJ/pulse, with a wavelength of 214.7 nm, a linewidth of
approximately 0.3 cm™', a pulsewidth of approximately
7 ns, and a repetition rate of 10 Hz. The write-laser beam
was directed into the test section with 1 in. fifth-harmonic
Nd:YAG laser mirrors (IDEX Y5-1025-45) and focused to
a narrow waist into the test section with a 1000-mm fused-
silica lens. The full width at half maximum (FWHM) of the
beam intensity profile is observed to be ~350 pm (Fig. 6)
and the peak beam fluence was ~~500 mJ/cm?. This narrow
laser beam photosynthesizes the metastable krypton atoms
that comprise the tracer forming the “write line”.

The read-laser consisted of a frequency doubled Con-
tinuum NY82S-10 Nd:YAG laser and a Continuum ND60
Dye Laser. The Nd:YAG laser pumped the dye laser with

250 mJ/pulse at a wavelength of 532 nm. The dye in the
laser was LDS 765 and the laser was tuned to output a
760.15 nm beam.

The read-laser beam setup resulted in approximately
20 mJ/pulse, with a wavelength of 760.15 nm, a linewidth
of approximately 0.3 cm™!, a pulsewidth of approximately
8 ns, and a repetition rate of 10 Hz. The read-laser beam
was directed into the test section using 2 in. broadband die-
lectric mirrors (Thorlabs BB2-E02) as a sheet of ~200 um
thickness. This “read sheet” re-excites the metastable Kr
tracer atoms so that their displacement can be measured.

The laser and camera timing is controlled by pulse delay
generators (SRS DGS535). The intensified camera used for
all experiments is a 16-bit Princeton Instruments PIMAX-2
1024 x 1024 with an 18 mm Gen III Unigen intensifier.
The gain is set to 255 with 2 x 2 pixel binning to ensure a
10-Hz frame rate. The camera gate was opened for 50 ns
to bracket the read-laser pulse to capture the spontaneous
emission of 5p[3/2]> — 5s[3/219 (819.0 nm) transitions.

The KTV and Pitot probe measurements are made ~530
and ~280mm from the nozzle throat and nozzle exit,
respectively; this is the location of the “Port 2” in the test
section (Figs. 2, 3). The write- and read-laser beams pass
through UV fused-silica windows to enter and leave the test
section. The UV fused-silica windows were undamaged
by the laser pulses so long as the window surface was kept
clean. To avoid damage, lens tissue was used to remove dirt
and oil every ten experiments.

3 Mach 3 AEDC calibration tunnel
and modification

The purpose of conducting KTV experiments in the Mach
3 AEDC Calibration Tunnel was to demonstrate that the
technique could be utilized in AEDC Hypervelocity Tun-
nel 9, which is a large-scale N, blow-down hypersonic
windtunnel (Marren and Lafferty 2002). The Mach 3
AEDC Calibration Tunnel is a large vacuum tank with a
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Fig. 3 Sketch of AEDC Mach 3 calibration tunnel. Dimensions in millimeters. The KTV and Pitot measurements are made at “Port 2”
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converging-diverging nozzle attached to it. To start the tun-
nel, a valve is cycled downstream of the nozzle throat. The
effective reservoir is the ambient laboratory air and so the
freestream conditions are fixed.

In its original configuration, the Mach 3 AEDC Calibra-
tion Tunnel and AEDC Tunnel 9 operate with different run
conditions; that is, AEDC Tunnel 9 typically operates with
a lower freestream pressure than does the Mach 3 AEDC
Calibration Tunnel. This has implications on the SNR of
the KTV technique because of the population available
for fluorescence (Eckbreth 1996) and the quenching of the
metastable Kr tracer (Velazco et al. 1978).

To account for the difference in pressure, modifications
were made to the tunnel upstream of the nozzle (boxed in
red in Fig. 2 and to the left of the nozzle in Fig. 3). The
effective reservoir pressure was reduced by choking the
flow upstream of the throat with an orifice plate. A PVC
pipe housed perforated screens that were used to breakup
the jet from the orifice plate which was a PVC end cap with
a hole drilled in it. Three caps with holes of diameter 12.7,
19.1, and 25.4 mm were used to alter the mass flow rate,
and thus, the effective pressure drop.

To estimate the reduced reservoir pressure, choked flow
calculations were used where sonic flow was assumed at
the orifice plate and nozzle throat. The mass flow rate of
the gas into the tube from the ambient lab to the effective
reservoir was determined using

+

. 2 \7T
m = CopAopA | YraPa () (0
y+1

<

and then the mass flow rate of the gas into the tube from
effective reservoir to the freestream was determined using

y+l1

. 2 y=1
m = CnozAnoz\ | YPRPR () @
y+1

where the subscripts “OP” and “noz” refer to the orifice
plate and the nozzle, respectively. We assume that the flow
is steady so that the mass flow rates in Eqgs. 1 and 2 must
match. Furthermore, we assume that the discharge coeffi-
cients, Cop and Cyo are unity and that there are no standing
shock waves within the tube (no change in total pressure).
Equating Egs. 1 and 2 and solving for P results in

Tr A
Pr=Pay| 22 3)
TA Anoz

We found that the effective reservoir pressure could be
reduced by a factor of approximately 2, 4, and 10 for the
25.4, 19.1, and 12.7 mm orifice plates, respectively. Pre-
dicted freestream static pressure values from Eq. 3 for the
25.4, 19.1, and 12.7 mm orifice plates are 1920, 1080, and
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480 Pa, respectively; these predicted static pressures are
within 10 % of the measured static pressures in Table 1.
This method is a promising strategy for controlling the
Reynolds number of the flow in the Mach 3 AEDC Calibra-
tion Tunnel.

An isolation bag was added to the end of the tube over
the orifice plate which isobarically isolates the test gas from
the ambient air in the laboratory. The bag is flexible, so the
test gas in the isolation bag is at constant ambient pressure
throughout an experiment. The test section, PVC tube, and
isolation bag could be filled with high-purity mixtures of
nitrogen and krypton.

The run conditions with each of the orifice plates were
calculated by measuring the static pressure, P, and Pitot
pressure, Py, with Micro Switch 130PC pressure transduc-
ers [details are given in Section II of Brooks et al. (2015)],
and finding the freestream Mach number with the Ray-
leigh—Pitot probe formula (Liepmann and Roshko 1957),
which is written as

Po (v NG
B <4yM£o —2(y — 1))

Poo

2

X(I_V_FZVMOO)‘ @)
y+1

The freestream temperature (and thus freestream velocity)
were found by assuming isentropic expansion as

-1 -1
To = TR<1 + )/2M§o> . )

It was determined by Omega STC-TT-E-40-36 thermocou-
ple measurement that the reservoir temperature and ambi-
ent temperature are approximately equal; that is, T = Ty
in Fig. 2. Freestream conditions for each orifice plate are
listed in Table 1. Example measurements for the static pres-
sure, Pitot pressure, and reservoir temperature are presented
in Fig. 4. The expansion wave that propagates through the
PVC tube during tunnel startup can be seen between 0.75—
2.0 s. The steady test time is approximately 3 s, between 2
and 5 s.

4 Effect of run condition on metastable lifetime

The SNR of a fluorescence technique is proportional to the
local number density of the fluorescing constituent (Eck-
breth 1996). However, in the case of KTV, increasing the
local number density also increases the decay rate of the
photosynthesized metastable Kr 5s[3/2]9 tracer (Velazco
et al. 1978). This presents the researcher with the task of
maximizing the SNR by balancing the local number density
with the decay rate of the tracer. In this section, we present



Exp Fluids (2016) 57:62

Page 50f 14 62

Table 1 My, Pxo, To, poo,Regi‘,Re@, and Uy are the Mach num-
ber, pressure, temperature, density, unit Reynolds number, momen-
tum-thickness Reynolds number, and velocity for each experiment. t,,

and x,, are the calculated time and distance scale, respectively, for the

decay of the metastable Kr state. M., B,,2I1/k, and § are the turbu-
lence Mach number, heat flux number, wake-strength parameter, and
boundary layer thickness, respectively

Experiment My Psx Too oo ReMt  Reg U 10T,  xn M, By 2[/k &
G (Pa (K) (kgmd) (I/m) ) (mm/ps) (us) (mm) () ) () (mm)
Underexpanded Jet 5.00 340 493 0.024 79.7¢6 - 0.714 4.5 32 - - - -
M3 AEDC—12.7mm OP  2.75 550 118 0.016 1.26e6 800  0.614 7.6 4.7 0.107  0.0053 0.73 12.0
M3 AEDC—19.1 mm OP 277 1010 118 0.030 2.30e6 1400 0.612 4.1 2.5 0.099 0.0049 1.18 10.4
M3 AEDC—254mmOP 273 1825 118 0053  4.16e6 2400 0.611 21 14 0093 00046 142 9.7
AEDC Tunnel 9 Run 3742 9.86 600 534 0.038  15.0e6 - 1.469 315 46 - - - -
Caltech T5 Shot 2773 593 6000 1014 0.020  1.80e6 - 3.860 508 23 - - - -
estimates of the relevant figures pertaining to the de-excita- 40 ———————— 310
tion rate of the metastable Kr tracer for flows of interest. 35 g??mtcg ressure 205
. 11O ressure 5!
Velazco et al. (1978) tabula'lte the quenching rat'e con- —— Reservoir Temp
stants of the 5s[3/2]3 state with a number of collisional 30 300
partners of interest in the aerothermodynamics and com- = <
. .. . . . 25 PSSR 095 —
bustion communities. Using the plug flow approximation, % \ ]‘ / o
they used a flow reactor to determine the timescale of meta- © 20 . N 290 2
stable state decay as 2 \ / £
g 15 285 &
L Do P4 kP + kolO] 6 f l \ g
tw AP : ol ©) 10 : 280 ©
» I —
where the first three terms are due to diffusion, and two- 5 ,’// 275
body and three-body de-excitation processes in the argon f/
carrier gas, respectively. The fourth term, kg[Q] is the %1 2 3 4 5 6 7 8 9 12°
timescale associated with the de-excitation of the metasta- Time(sec)

ble state with an added reagent; this is the rate which will
dominate the de-excitation of metastable Kr atoms in typi-
cal fluid mechanics applications.

If we assume a fluorescence signal towards the high
side of the 16-bit camera’s dynamic range at the write
location (which has been demonstrated with the current
experimental setup), then the number of recordable meta-
stable lifetimes is estimated as 2'¢ ~ exp(—t/7,,). We take
In(2'%) ~ 10 = #/7,, which leads to the estimation that we
can record the displacement of metastable Kr for approxi-
mately ten lifetimes.

In Table 1, we list the relevant parameters for KTV
measurement; namely, local density, po, and the length
scale, x,,,. The length scale, x;,, is computed as the product
of the timescale from Eq. 6, the velocity scale, Uy, and a
factor of 10 to account for the ten metastable lifetimes that
are recorded as x;; ~ 1071,,Uxc.

We note that in Table 1, the estimated lifetime of the
metastable tracer is approximately the same for AEDC
Tunnel 9 and the Mach 3 AEDC Calibration Tunnel with
the orifice plates. This means that experiments in the Mach
3 AEDC Calibration Tunnel are a good simulation of future
Tunnel 9 experiments. For longer-term goals, we plan to
use KTV to measure the velocity profiles over flight vehicle

Fig. 4 Measurements of the static pressure, Pitot pressure, and res-
ervoir temperature for the Mach 3 AEDC calibration tunnel with
the 19.1 mm orifice plate. The steady test time is approximately 3 s,
between 2 and 5 s

models in AEDC Tunnel 9 and high-enthalpy impulse facil-
ities like Caltech’s T5 reflected shock tunnel (Hornung
1993). The useful length scale for each of these facilities
was derived from data in Marineau et al. (2015) (Tunnel 9)
and Parziale et al. (2015b) (T5). In Table 1, it is seen that
the metastable lifetime (z,,) and the displacement distance
(xm) are estimated to be sufficient as to permit KTV meas-
urements in Tunnel 9 or T5.

5 Krypton gas bottle cost and effect on transport
properties

Krypton gas bottle cost is appropriate for laboratory-scale
KTV efforts. In this work, we performed approximately ~
100 experiments with approximately ~4k USD worth of
premixed research grade 99 % N»/1 % Kr gas, yielding a
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~40 USD per experiment cost. We initially estimated that
the seeding cost per run of 1 % Kr mole fraction ranges
from ~10 USD in impulse facilities (e.g, Ludwieg Tubes,
shocktunnels, and moderate reservoir pressure blow-down
facilities) to ~50-500 USD in high reservoir pressure long-
duration blow-down hypersonic tunnels [e.g., Tunnel 9 at
AEDC White Oak (Marren and Lafferty 2002)]. The range
of cost is dependent on the unit Reynolds number of the
windtunnel through local number density. For the Tunnel
9 condition listed in Table 1 (Reggit = 15e6 1/m), the esti-
mated cost is 200 USD which is a small fraction of large-
scale tunnel operation costs.

The thermo-physical properties of the N, flow are nomi-
nally unchanged with Kr seeding. Calculation of the effect
of dilute krypton concentrations on the transport properties
can be performed using Cantera (Goodwin 2003) via the
semiempirical Chapman—Enskog method with the appropri-
ate thermodynamic data (McBride et al. 2002). For exam-
ple, if N> is seeded with 1 % Kr mole fraction at 300 K and
1 atm, the Reynolds, Prandtl, Lewis, and Peclet numbers,
and the ratio of specific heats are changed by ~0.1-0.3 %.

6 Supersonic turbulent boundary layer results

In this section, we present KTV- and Pitot-derived veloc-
ity profiles of the turbulent boundary layer on the wall of
the AEDC White Oak Mach 3 Calibration Tunnel. The
freestream was comprised of 99 % N»/1 % Kr. The momen-
tum thickness is defined as

)
p U U
@:/ <1—>dy. 7)
0 PeUe U,

Using the KTV-derived velocity profiles, the momen-
tum-thickness Reynolds numbers are determined to be
Reg = p.U.® /1, = 800,1400, and 2400. The momen-
tum-thickness Reynolds numbers computed with the Pitot-
derived velocity profiles result in the same values to within
~3 %.

Pitot-derived velocity profiles were made at discrete
wall-normal distances with Pitot and static pressure meas-
urement using the same methodology as Brooks et al.
(2014, 2015, 2016). The Mach number was found with the
Rayleigh—Pitot probe formula (Eq. 4). The local tempera-
ture was found using the relation from Walz (1959),

T T, T,—T,/U -1 U\?
s= () e () ®
T, T. T, U, 2 U.

with the recovery temperature, 75, is defined as

T, y—1_ ,
—=14+r——M;.
=M ©)

@ Springer

KTV measurements were performed by tracking the
tagged Kr center-of-mass locations for a prescribed time.
To find the local streamwise velocity, each exposure is pro-
cessed with a 3 pixel x 3 pixel (291 pm x 291 pm) two-
dimensional Wiener adaptive-noise removal filter in MAT-
LAB. Example exposures that illustrate the unsteady nature
of the supersonic turbulent boundary layer are presented as
Fig. 5. For the Reg = 800, 1400, and 2400 cases, 425, 456,
and 250 exposures are collected, respectively. A Gaussian
model of the form f(x) = aexp (—((x — b)/c)z) is fitted
to the intensity vector for each exposure in the streamwise
(x) direction for each row of pixels in the wall-normal (y)
direction (=97 pm wall-normal direction x5.0 mm stream-
wise direction). The centroid (b) and the 95 % confidence
bounds of the Gaussian fits are determined with the non-
linear least-squares method. The streamwise displacement
distance, Ax, is then found as the read-centroid location
relative to the write-centroid location. The local velocity is
found as U = Ax/At, where At is prescribed by a pulse/
delay generator as At = 2 pus.

Examples of five representative rows of data for the write
and read Kr line from the freestream are shown in Fig. 6.
The data are recorded at separate times and superposed for
presentation. In addition, the FWHM of 350 pm are shown
as horizontal black bars for the write and read lines.

We present the dimensional velocity profiles for three
conditions with Reg = 800 (Fig. 7), Rep = 1400 (Fig. 8),
and Reg = 2400 (Fig. 9). The KTV results are reported
along with Pitot tube-derived velocity measurements and
predicted turbulent profiles from the Virginia Tech (VT)
Compressible Turbulent Boundary Layer applet from Dev-
enport and Schetz (1998, 1999), Shetz and Bowersox 2000).

For each case, Reg = 800, 1400,2400, agreement
between the three mean velocity profiles (KTV, Pitot, and
VT Applet) is good, particularly between the Pitot and KTV
measurements. The small discrepancy between the VT
applet and the measurements may be because it is assumed
that there is no pressure history (flat plate) and the transi-
tion occurs at the nozzle throat in the VT Applet calcula-
tions. Boundary layer trips were placed in the subsonic
region near the nozzle throat which were characterized by
an Rey, = pxusk/ s > 1000, where * refers to the condi-
tion at the nozzle throat and % is the trip height (Reda 2002).
However, particularly for the Reg = 800 case, the Reyn-
olds number may not be sufficient to result in an equilib-
rium turbulent boundary layer at the measurement location
which was ~530 mm from the throat. The boundary layer
trips were four forward- and backward-facing steps made
of strips of adhesive tape spanning the width of the wind-
tunnel. Each strip was 2.5 mm in width in the streamwise
direction, separated by ~5 mm, and &2 mm in height.

KTV results near the windtunnel wall (y/é < 0.1) are
not reported because the Gaussian fits to the read data were
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Fig. 5 KTV in a 99 % N,/1% Kr Mach 2.75 turbulent bound- camera gate is fixed to include only the read-laser pulses. The delay
ary layer with a Reg = 800. Flow is left to right. Inverted intensity between the write and read pulses is 2 jus. Major tick marks at 10 mm

scale. The write location is marked by a vertical, thin black line. The intervals, with label on left
1.2 T T T 30 T
O Write data —— VT Applet
1.1 H —— Write fit KTV
O Read data — Pitot
11— Read fit i 25 fi7
0.9 ' ff
= 0.8 5 20 3
— —
Z 06 E 15
g 05 b
g° i 1o
— 04
05 | 9l |
VY (1§ :
01 @56@5@ T Q%{ oS /c [\ echgg <
' 8p8e oo 0
= g . O%o 2lele 0 100 200 300 400 500 600 700

0
0 02505 075 1 . 125 15 1.75 2 225 25 275 3 Velocity U (m/s)
Distance  (mm)
Fig.7 Velocity profile in a 99 % N/l % Kr Mach 2.75 turbulent

Fig. 6 Examples of write and read data from the freestream super- boundary layer with Reg = 800. Horizontal lines are error bars

posed to show displacement measurement by Gaussian fitting. In
addition, 350 wm black bars mark the FWHM of the write and read
intensity data
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found to be unreliable; that is, the 95 % confidence bounds
on the x-location of the read-line were found to be larger
than the tracer width. The lack of repeatable results close
to the windtunnel wall (y/§ < 0.1) is likely due to the high
levels of fluctuation which smear the KTV tracer, resulting
in low SNR. Further study is required to confirm this.
Uncertainty in the velocimetry data was estimated fol-
lowing Moffat (1982). For the Pitot-derived velocity data,
we assume that the uncertainty is determined by the Pitot
pressure, static pressure, and reservoir temperature as

SP ou 2+ SP o\’
023P02 OOBPOO

1
+( 8T oU \?
® 9T

2

The uncertainty in Pitot-derived velocity from the Pitot
pressure and static pressure can be determined using the
Rayleigh—Pitot probe formula (Eq. 4). The uncertainty in
the pressure transducer response is from comparisons of
in-house calibrations against high-accuracy Baratron pres-
sure transducers. The uncertainty in Pitot-derived veloc-
ity from the reservoir temperature is determined using the
sound speed, the isentropic gas relations to relate reservoir
and static temperature, and the measured unsteadiness dur-
ing the test time (Fig. 4). The vertical resolution of the Pitot
probes is 800 pm, as reported in Brooks et al. (2015).

For the KTV-derived velocity data, we assume that the
uncertainty is determined by the uncertainty in the meas-
ured displacement distance of the metastable tracer, the
timing accuracy of the experiment, and the wall-normal
motion of the metastable tracer in the xy-plane as

3 Upitor =

(10)
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Fig. 8 Velocity profile in a 99 % N»/1 % Kr Mach 2.77 turbulent
boundary layer with Reg = 1400. Horizontal lines are error bars
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Fig. 9 Velocity profile in a 99 % Nu/1 % Kr Mach 2.73 turbulent
boundary layer with Reg = 2400. Horizontal lines are error bars
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The uncertainty in the measured displacement distance, Ax,
of the metastable tracer is estimated as the 95 % confidence
bound on the write and read locations from the nonlinear
least-squares Gaussian fits. The uncertainty Az is estimated
to be 50 ns, primarily due to fluorescence blurring as con-
sidered in Bathel et al. (2011). From the manufacturers
specification, we estimate that the timing jitter is relatively
small, approximately 1 ns for each laser. The fluorescence
blurring primarily occurs because of the time scale associ-
ated with the 819.0 nm 5p[3/2], — 5s[3/2]{ transition,
which is approximately 25 ns (Chang et al. 1980; Whitehead
et al. 1995; Dzierega et al. 2000); so, we double this value
and report that as the uncertainty in A¢. The uncertainty in
streamwise velocity due to wall-normal fluctuations in the
xy-plane is estimated to be §Ujp = vyyq(dU/dy) At. This
formulation is taken from Hill and Klewicki (1996) and
Bathel et al. (2011). The wall-normal fluctuations, Vi,
are conservatively estimated to be 4 % of the edge velocity,
which is supported by DNS (Martin 2007) and PIV experi-
ments (Brooks et al. 2016).

Uncertainty estimates of the velocity profiles in Figs. 7,
8, and 9 appear as horizontal lines.

Uty =

7 Analysis

In this section, the velocity profiles in Figs. 7, 8, and 9 are
non-dimensionalized to analyze the KTV and Pitot data in
the logarithmic and outer region of the boundary layer. The
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shear velocity, u; = +/7,,/pw, is required and the method
of calculation can be found from Eq. 20 in Appendix.

The velocity data from the present study can be com-
pared to the law of the wall in the logarithmic region,
Ut = %ln(yJ“) + C, by using the Van Driest I transfor-
mation, with y© = p,u;y/u, and Ut = U /u,. Following
Bradshaw (1977) and Huang and Coleman (1994), the Van
Driest transformed velocity is written as

o= Lo (L)
DR V1+RZH?

. RH
—sin ! (=) (42

where R =M./(y — D Pr, /2, H=B,/((y — hM?),
M; =u;/cyw, and B, = qy/(powcpu:Ty). We assume

the turbulent Prandtl number is Pr; = 0.87, and, assum-
ing the Reynolds analogy holds, the heat flux number is
By = crpeUe(Ty — Ty)/ (2 Pr, pyu.T,,) (Schlichting 2000).
The turbulence Mach number and heat flux numbers are
tabulated in Table 1. The transformed KTV- and Pitot-
derived velocity profiles are presented in Fig. 10. Also, in
Fig. 10, we plot the viscous sublayer as U‘J,FD =yT as well
as applying Eq. 12 to the logarithmic law as

1
Ulp = - Inpy"H +C (13)

with k = 0.41 and C = 5.2. The transformed velocity fol-
lows the law of the wall in the logarithmic region with
good agreement.

Coles (1956, 1962) proposed a modification of Eq. 13 to
scale the outer region of the boundary layer known as the
law of the wake. Using this scaling, Lewis et al. (1972) fol-
lowed Coles (1956, 1962) and used
Uf, = %ln(y+) +C+ % sin’ (%g) (14)
and determined the boundary-layer thickness, &, in a least-
square-means sense to find the wake-strength parameter,
211 /k. This is the procedure used here, and the wake-strength
parameters and boundary layer thicknesses are reported in
Table 1 for each case. The reduced velocity data is shown
in Fig. 11. To better assess the scaling, an offset of 3 and 6
is added to the ordinate (C in Eq. 14) for the Reg = 1400
and 2400 cases, respectively. The wake-strength of the data
increases with Reynolds number; this trend is consistent with
the data from Coles (1956, 1962) and Lewis et al. (1972).

Fernholtz and Finley (1977, 1980) outline a velocity-defect
law to scale the outer layer of the turbulent boundary layer. In
their work, Fernholtz and Finley define an integral length scale

0 ¥ _ l_]*
AT =/O ———dy (15)

Ur

20+ ”M 1
7
a/(’
'/
15 aﬂ:-'?’ ]
*

o.'/‘
Eg ’/':.
—Ui=1"
—--Ujfp=21In(y") +C
—Reg = 800 1
—Rep = 1400
Reo = 2400
0 1 1
100 10" 102 10°

y+ = pquy/Nw

Fig. 10 Van Driest transformed velocity compared to the law of the
wall in the logarithmic region. Profiles in a 99 % N/1 % Kr Mach 2.7
turbulent boundary layer with Reg = 800, 1400, and 2400. Dots are
Pitot-derived velocity. Lines are KT V-derived velocity

where U¥ and U* are the edge and local mean velocities
defined by

U . _20*UJU, —a
s —_—

U* = —si 16
b va? +4p? (16)
and a and b are defined as
T, y —1
a= Ti<1+r2M3) -1 a7

.77 |—Ree =800
5" —Reg = 1400 ]
Reg = 2400
—--UJD = % In(y*)+C
or —UJDzéln(y+)+C+%sin2(%%) 1
10° 10" 102 10°
y+ = pzlruTy/Mu,'

Fig. 11 Van Driest transformed velocity compared to the law of the
wake. Profiles in a 99 % Ny/1 % Kr Mach 2.7 turbulent boundary
layer with Reg = 800, 1400, and 2400. Dots are Pitot-derived veloc-
ity. Lines are KTV-derived velocity. Offset of 3 and 6 added to ordi-
nate (C in Eq. 14) for the Reg = 1400 and 2400 cases, respectively
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=T <rV2‘1M3>. (18)
w

The resulting non-dimensional profiles are presented
as Fig. 12. Also in Fig. 12, we plot the velocity-defect law
proposed by Fernholtz and Finley (1977, 1980),

Ue=U" _ v (l) _N, (19)

Ur A*
with M = 4.7 and N = 6.74. Here, M is not the Mach num-
ber but a constant that is consistent with the nomenclature
of Fernholtz and Finley (1977, 1980). The proposed rela-
tion is for a turbulent boundary layer with zero pressure
gradient. The agreement between the transformed KTV
and Pitot velocity data and the velocity-defect law is poor.
Fernholtz and Finley (1977, 1980) note that a deviation
from this defect law may be due to Mach number, pressure
gradients, or Reynolds number.

The RMS streamwise velocity fluctuations, ul,
as measured by KTV and non-dimensionalized by the
edge velocity are presented in Fig. 13. The KTV fluctua-
tion measurements collapse for each case, except for the
Rep = 800 case outside of the boundary layer. The rea-
son for this raised level of fluctuation outside the boundary
layer is unknown at the time of this writing.

The Morkovin (1962) scaling of the fluctuations
(/PUpms//Pwitc) is applied to the data and presented
in Fig. 14. In that figure, we overlay data from the litera-
ture from hot-wire anemometry (HWA) measurements
from Klebanoff (1955) recorded in a low-speed boundary
layer (30 ft/s), and HWA and one- and two-component
LDV measurements in a M, = 2.3, Reo = 4700 bound-
ary layer from Elena et al. (1985). We also overlay fluc-
tuation data from PIV in the AEDC White Oak Mach 3
Calibration Tunnel from Brooks et al. (2016) which was
recorded at the same tunnel location as the current KTV
experiments at Reg = 1740 and Reg = 2600. These data
are compared to direct numerical simulation (DNS) data
in a M, =2.3,Reg = 4450 boundary layer from Martin
(2007). The agreement between the KTV data from this
work and the experimental and computational data is good
for wall-normal distances y/é > 0.2.

8 Conclusions and future work

To assess the potential use of the KTV technique in AEDC
Hypervelocity Tunnel 9, the Mach 3 AEDC Calibration
Tunnel was modified so that the unit Reynolds number
could be prescribed at several values consistent with AEDC
Tunnel 9 run conditions. The modification was comprised
of an orifice plate, PVC pipe, and three perforated screens.
These components were successfully used to reduce the

@ Springer

——4.7ln(y/A*) — 6.74
—R,e(-) =800 1
—Reg = 1400
Reg = 2400

- U*)/UT

*
e

(

-3 25 2 15 -1 05 0
In(y/A*)

Fig. 12 Velocity-defect law scaling of velocimetry data for pro-
files in a 99 % No/1% Kr Mach 2.7 turbulent boundary layer with
Rep = 800, 1400,2400. Dots are Pitot-derived velocity. Lines are
KTV-derived velocity

0.08 T T T T T T T T T T T T T T
/\ —KTV - Reg =800
0.07 —KTYV - Reg = 1400
KTV - Reg = 2400

/U

rms

!

= 003t
0.02} \\/\
N
0.01F e SN

0
0 01 0203040506070809 1 11121314 15
y/o

Fig. 13 Streamwise velocity fluctuation KTV data non-dimensional-
ized by the edge velocity

reservoir pressure, and thus the freestream unit Reynolds
number.

In this work, we highlight the KTV measurement of
a 99 % Ny/1 % Kr Mach 2.7 turbulent boundary layer at
momentum-thickness Reynolds numbers of Reg = 800,
1400, and 2400. Pitot-derived velocity data were also
taken for the flowfield, and agreement between the KTV-
and Pitot-derived velocity profiles is excellent. Moreover,
there is fair agreement between the experimental profiles of
velocity (KTV and Pitot) with the predicted profiles from
the Virginia Tech Compressible Turbulent Boundary Layer
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Fig. 14 Streamwise velocity fluctuation KTV data non-dimensional-
ized by the Morkovin scaling, and compared to historical data from
Klebanoff (1955) from a low-speed tunnel, Elena et al. (1985) from
a M, = 2.3,Reg = 4700 boundary layer by HWA and one- and two-
component LVD. Additionally, PIV measurements from Brooks et al.
(2016) are presented. These data are compared to DNS from Martin
(2007) from a M, = 2.3, Reg = 4450 boundary layer

applet from Devenport and Schetz (1998, 1999); Shetz and
Bowersox (2000).

The KTV- and Pitot-derived profiles of velocity are
compared to the law of the wall with the application of the
Van Driest I transformation, and agreement in the logarith-
mic region is good. From this, we conclude that KTV may
be used to measure profiles of velocity in the logarithmic
region of supersonic turbulent boundary layers.

In addition, a wake-strength parameter is fitted to the
data with the boundary layer thickness, §, as the free param-
eter. The wake-strength of the data increases with Reynolds
number; this trend is consistent with the data from Coles
(1956, 1962) and Lewis et al. (1972).

The data are also scaled according to the velocity-defect
law outlined in Fernholtz and Finley (1977, 1980), and
the KTV and Pitot profiles collapse for the data taken at
Reg = 800, 1400 and 2400. The KTV and Pitot data do not
closely follow the scaling reported by Fernholtz and Fin-
ley of (U} — U*)/(ur) = —4.7log(y/A*) — 6.74. Near the
abscissa of Fig. 12, in the wake region, the present data fall
In(y/A™) > 1.5. The deviation from the scaling of the data
from the present work to the velocity-defect law may be
due to the low Reynolds number or the favorable pressure
gradient history from the nozzle expansion.

The KTV technique is used to quantify the streamwise
velocity fluctuations. The KTV fluctuation measurements
collapse for each case, except for the Reg = 800 case out-
side of the boundary layer. The reason for this raised level

of fluctuation outside the boundary layer is not clear at the
time of this writing. The Morkovin scaling is applied to the
RMS fluctuation data. The agreement between the compu-
tational and experimental data from the literature and KTV
measurements from this work is good for wall-normal dis-
tances y/§ > 0.2.

Measurements below y/§ =~ 0.1-0.2 are difficult to
perform with tagging velocimetry, and the issue in doing
so with KTV in this application may be that the tracer is
smeared out because of the increase in velocity fluctuations
near the wall (Fig. 14). In the future, it may be possible
to resolve the near-wall fluctuations by reducing the time
between the write- and read-laser pulses so as to reduce the
turbulent diffusion of the metastable Kr tracer.

The KTV data presented in this paper are florescence
exposures captured at 10 Hz. The Nd:YAG pump lasers
and the intensified camera used to perform the work set this
10 Hz limitation. That is, there is no fundamental physi-
cal principal of the KTV excitation/emission scheme that
would preclude a significant increase in the rate at which
exposures may be captured other than the delay between
the write- and read-laser pulses. Advances in CMOS cam-
eras, image intensifiers, and the development of pulsed
burst lasers (Lempert et al. 1996; Wu et al. 2000) could
yield a setup that captures KTV exposures at a higher rate.
High-repetition rate ultrafast lasers have also been devel-
oped, and could be particularly suitable for the initial
multi-photon excitation of the Kr atoms. This is because,
in comparison with single-photon excitations, multi-photon
excitations are significantly more sensitive to pulse inten-
sity (Denk et al. 1990).

In addition, future experiments are planned which include
attempting to probe the flow about geometries more complex
than a windtunnel wall. Because more complex geometries
may not be made of glass, a masking strategy will have to
be devised to limit or eliminate damage to the model. Pre-
liminary efforts toward this end have been successful with
absorptive tape. Additionally, future experiments are planned
where the legacy dye lasers in the current experimental setup
are replaced with modern dye lasers and/or optical paramet-
ric oscillators (OPOs) for wavelength tuning. This would
increase the available pulse energy which would enable an
increase of SNR and the writing of multiple lines or grids.
This may enable data collection closer to the wall and/or col-
lection of two-dimensional tagging velocimetry data.
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Appendix: Calculation of skin friction and shear
velocity

To determine the shear velocity, u; = /T,,/pw, the
shear stress at the wall, t,,, must be determined. Follow-
ing Xu and Martin (2004), the skin friction coefficient,
cf =T/ (O.SpeUZ), can be determined from the von
Kérman (1934)-Schoenherr (1932) equation under the Van
Driest II transformation as

1 2
— = 17.08(10g10(F@Re@))

C/’FC

+25.11log,y(FoReg) + 6.012 (20)
where
Fo=02rM; /(sin” ' (@) + sin™ ' (8))*, @21
Fo = pe/w, (22)

and r = 0.9 is the recovery factor. The parameters « and
are computed as

a = (2A2 — B)/\V/4A? + B2 (23)

B = B/\/4A2 + B2 24)

with

A% = 02rM? /(T /T,) (25)
B=(1+02rM?> —T,/T.)/(T/To). (26)
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