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In this work, we present the excitation/emission strategy, experimental setup, and results of an implementation of
krypton tagging velocimetry (KTV). KTV is performed as follows: (i) seed a base flow with krypton; (ii) photo-
synthesize metastable krypton atoms with a frequency-doubled dye laser to form the tagged tracer; (iii) record the
translation of the tagged metastable krypton by imaging the laser-induced fluorescence (LIF) that is produced
with an additional dye laser. The principle strength of KTV, relative to other tagging velocimetry techniques, is
the use of a chemically inert tracer. KTV results are presented for an underexpanded jet of three mixtures of
varying Kr/N, concentration. It is demonstrated that KTV can be used in gas mixtures of relatively low krypton
mole fraction (0.5% Kr/99.5% N,), and the KTV data from that experiment are found to be in good agreement
with an empirical fit found in the literature. We find that KTV is useful to perform instantaneous velocity mea-

surements with metastable krypton as a chemically inert, dilute, long-lifetime tracer in gas-phase flows.
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and sensors; (280.2490) Flow diagnostics; (300.6280) Spectroscopy, fluorescence and luminescence.
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1. INTRODUCTION

Velocimetry techniques for use in high-speed wind-tunnel
facilities are of interest to study flow fields for the purposes
of thermal/fluids science and test and evaluation. These inves-
tigations are intended to further the understanding of the fun-
damental flow physics that influence macro-scale behavior of
test articles. Researchers have developed various forms of veloc-
imetry techniques; for examples, see the handbook edited by
Tropea ez al. [1]. In that handbook, there is a chapter [2] that
describes the basics of tagging velocimetry.

The methodology of tagging velocimetry is similar to
observing the translation of a dye that has been introduced
to a fluid; the dye is used as a tracer in the fluid and observed
at prescribed times. In tagging velocimetry of gas-phase flows,
the tracer is a native, seeded, or synthesized gas. Typically, fluo-
rescence of the tracer is induced to provide spatial information
at prescribed times so that velocity may be obtained.

In this work, we present metastable krypton as a candidate
tracer for tagging velocimetry. First, we motivate the use of Kr
by reviewing the characteristics of tracers that have been
reported in the literature. Then, we present the krypton exci-
tation/emission strategy, experimental setup, and results of an
implementation of krypton tagging velocimetry (KTV) as

1559-128X/15/165094-08$15/0$15.00 © 2015 Optical Society of America

applied to an underexpanded jet of three mixtures. Finally,
the KTV results are reduced and compared to an appropriate
correlation of historical data.

2. REVIEW OF EXISTING GAS-PHASE TRACERS

Different constituents can be used as the tagging medium in
high-speed gas flows. Important characteristics of tracers
included: lifetime, reactivity, intensity of fluorescence, and ease
of seeding/synthesis and excitation.

Oxygen may be used as an unseeded tracer in air and O,
flows or possibly partially dissociated CO, flows. The Raman
excitation plus laser-induced electronic fluorescence (RELIEF)
technique [3—7] utilizes vibrationally excited O, as a tracer, and
has a lifetime that is a function of the vibrational relaxation
time. Researchers report the use of a dye laser and an ArF laser
to implement RELIEF. Other researchers have used oxygen as a
tracer by photochemically creating ozone, photodissociating
the ozone to form O,, and imaging laser-induced fluorescence
(LIF) from the O, [8-10]. The ozone tracer is reported to have
a lifetime on the order of seconds.

Nitrogen can be used as an unseeded tracer in air and N,
flows. In Michael ez al. [11], the tracer was created by nonlinear
excitation and dissociation of nitrogen with a femtosecond laser.
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Spatial information is recorded by imaging the emission of the
recombining nitrogen atoms. In that work, researchers report an
effective tracer lifetime on the order of 10 ps.

Nitric oxide (NO) is an attractive candidate as a tracer for
reasons including its long lifetime (order 1-10 ms in the absence
of polyatomic molecules) and ease of in situ production/
seeding. The air photolysis and recombination technique
(APART) technique [12-14] entails the photosynthesis of
NO from N, and O, by an ArF excimer laser. Then,
a tunable pulsed laser is used to induce fluorescence from the
tagged NO. Researchers have utilized the photodissociation
of seeded (CH;);CONO [15], NO, [16-23], or N,O [24]
to produce NO, and subsequently image LIF for time-of-flight
velocimetry. Additionally, researchers have also utilized direct
NO seeding for velocimetry [25-29]. Furthermore, researchers
have performed experiments in shocktunnels with prescribed
shocktube mixtures (x99% N, 21% O,) to create an appropri-
ate concentration of NO (~1%) in the free-stream for velocim-
etry [30-32]. It should be noted that the vibrationally excited
nitric oxide monitoring (VENOM) technique [17-20,29] is
also capable of simultaneous temperature measurements.

Other tracers include iodine [33,34], acetone [35-37], and the
hydroxyl group [38—40], among others [41—44]. These schemes
generally require seeding or i7 situ production of the tracer.

3. MOTIVATION FOR EXPLORATION OF
KRYPTON AS A TRACER

We focus our efforts on tagging velocimetry with photosynthe-
sized metastable krypton as a chemically inert tracer, as
proposed by Mills ez al. [45] and Balla and Everhart [46].
Mills et al. proposed that krypton tagging velocimetry could be
performed as follows:

1. White tracer line by two-photon excitation, 4p°('S;) —
6p[3/2], (193 nm) with an ArF laser.

2. Decay to metastable state,
(427.4 nm).

3. Excite 5p[5/2]3 level by 55[3 /2] — 5p[5/2]5 (811.3 nm)
with a diode laser.

4. Read spontaneous emission of 5p[5/2]; — 5s(3/2]3
(811.3 nm) transitions with a camera positioned normal to
the flow.

6p[3/2], = 5(3/213

This approach would permit time-of-flight velocimetry
measurements. However, we are not restricted to the creation
of metastable Kr atoms with an ArF laser through the
4p°(1Sy) — 6p[3/2], = 55[3/2]3 transition strategy. A disad-
vantage of this method is the need for an ArF laser, which re-
quires specialized maintenance. Alternatively, Narayanaswamy
et al. [47] used two-photon excitation of the 5p[3/2], level by
sum-frequency mixing the output of a dye laser and a frequency
tripled Nd:YAG laser. Following excitation there is decay via
the 5p[3/2], — 55(3/2]9 and 5p[3/2], — 5s[3/2]5 transitions.
Narayanaswamy et al. used this excitation/emission strategy for
Kr planar laser-induced fluorescence (PLIF) work for flow visu-
alization and scalar imaging of an underexpanded jet of 100%
krypton. This is the write-excitation strategy we will use in this
work. In addition, please note that Racah nl[K]; notation is
used throughout this paper.
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The fundamental strength of KTV is that the tracer (meta-
stable krypton) is chemically inert. The nonreactive nature of
Kr is in contrast to other tracers that represent the current state
of the art. This may enable the technique to be employed in a
wide variety of environments because the seeded krypton atoms
are nominally independent of chemical processes that may
occur in the bulk flow. Because of this flexibilicy, KTV dem-
onstrates the potential to broaden the usefulness of tagging
velocimetry with new applications to reacting gas-phase flows,
including combustion and nonequilibrium gasdynamics.
Moreover, Hsu et al. [48] review some benefits of using Kr
as a medium. The atomic structure is well known [49], and
relative to other noble gases, two-photon excitation is accessible
with commercially available laser and optical components.

KTV may prove particularly useful where the chemical com-
position of the flow field evolves, or is difficult to prescribe or
predict. For example, in high-enthalpy aerodynamics work, it is
typical for researchers to investigate thermochemical/fluid-
mechanic interaction by studying and comparing flows with
gases that are more thermochemically active (e.g., CO, or
air) and less thermochemically active (e.g., N,). It may be pos-
sible for krypton to be used as a dilute tracer in CO,, air, or Ny;
so, the researcher would not have to change velocimetry diag-
nostics to investigate different gasses about the same body.

Miles and Lempert [6] write that one “limitation [of tagging
velocimetry] has to do with the lifetime of the tagged mole-
cules. Of particular importance are collisions with polyatomic
molecules such as water, carbon dioxide, and in combustion
applications, fuels such as methane and other hydrocarbons.”
However, the prospect of using KTV in flows with polyatomic
molecules is promising. Buxton ez /. [50] and Hsu ez al. [48]
have utilized Kr for PLIF work in combustion environments
with Kr seeding mole fractions of ~#1-4%. These researchers
also note that the low seeding mole fractions “avoided disturb-
ance of the flame.” Researchers report the metastable state has a
lifetime on the order of seconds [51,52]. However, in those
fundamental science experiments, the temperature, pressure,
and surrounding environment are markedly different than in
flows of interest in combustion and aerothermodynamics
applications. Researchers have studied the quenching rates of
the 55[3/2]3 state with a number of collisional partners [53—
56]. Using the quenching rate constant from Velazco er al.
[54] for metastable krypton in N,, a lifetime on the order
of 10 ps is estimated for conditions typical of the underex-
panded jet used as the flowfield to demostrate KTV in this
work; therefore, the lifetime of the 5s[3/2]3 state should be
sufficient.

Krypton gas-bottle cost is appropriate for laboratory-scale
KTV efforts. Estimates indicate 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 100 USD in high
reservoir pressure long-duration blow-down hypersonic tunnels
(e.g., Tunnel 9 at AEDC White Oak [57]).

Assuming that the krypton may be seeded into the flow in
dilute concentrations, the thermo-physical properties of the
flow are nominally unchanged. Estimates of the effect of dilute
krypton concentrations on the transport properties can be



5096 Vol. 54, No. 16 / June 1 2015 / Applied Optics

performed using Cantera [58] via the semi-empirical Chapman—
Enskog method [59] with the appropriate thermodynamic
data [60-62]. For example, if N, is seeded with 1% Kr mole
fraction at 300 K and 1 atm, the Reynolds, Prandd, Lewis,
and Peclet numbers and the ratio of specific heats are changed
by ~0.1-0.3%. Additionally, the Schmidt number of the tagged
krypton is approximately the same (~1) as other tagging schemes
that utilize nitrogen, oxygen, or nitrogen oxide; therefore, the
concern of the molecular diffusion of the tracer in KTV is similar
to the other gas-phase tagging candidates.

4. EXCITATION/EMISSION STRATEGY

To use metastable krypton as a tracer in a gas flow field, pulsed
tunable lasers can be used to excite and/or induce fluorescence
of Kr atoms that have been seeded into the flow for the pur-
poses of position tracking. An energy level diagram for the KTV
scheme is presented as Fig. 1. The excitation/emission strategy
is as follows:

1. Write tracer line by two-photon excitation of
4p°('Sy) = 5p[3/2], (214.7 nm).

2. Decay to metastable states 5p[3/2], — 5s3/2]%
(819.0 nm) and 5p[3/2], — 5s5[3/2]S (760.2 nm).

3. Excite 5p[3/2], level by 55[3/2]3 — 5p[3/2], transition
with laser sheet (760.2 nm).

4. Read spontaneous emission of 5p[3/2], — 55[3/2%
(819.0 nm) and 5p[3/2], — 55[3/2]$ (760.2 nm) transitions
with a camera positioned normal to the flow.

Miller [63] reports two-photon excitation of the 5p[3/2],
level in Kr at 214.7 nm, which corresponds to the 4p°(1Sy) —
5p[3/2], transition. The same work reports that the branching
fraction for the 5p[3/2], — 5s5[3/2] and 5p[3/2], — 5s[3/21%
decay transitions are 27% and 73%, respectively. We choose
the 55[3/2]3 — 5p[3/2], (760.2 nm) transition for read-
excitation because of the favorable branching fraction during
decay to obtain a strong signal-to-noise ratio (SNR). The
5p[3/2], = 55[3/2]3 and 5p[3/2], — 55[3/2]3 transitions
occur on a time scale of approximately 20-35 ns [64—67].

5. EXPERIMENTAL SETUP

To demonstrate the KTV technique, an underexpanded jet is
used as the flow field. The jet-orifice diameter is D; = 2 mm.
This jet was exhausted into a test cell, which was continuously

4p°(*So)
Fig. 1. Energy level diagram for KTV.
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evacuated to maintain an ambient pressure of approximately
7 torr. Well-mixed gas mixtures for the jet were created in a
pressure vessel. A gas-pressure regulator was used to control
the effective plenum pressure of the underexpanded jet, and
a high-speed solenoid (ITT S31 series) was used to pulse
the jet for 25 ms, beginning 20 ms prior to the write-laser pulse.
The time scale associated with establishment of steady flow is
estimated to be 10 ms, as formulated in Smith [68]. There is
optical access to the test cell through three fused silica windows;
two windows permit the read and write beams to enter and
leave the test cell, and the third window is positioned at 90°
to the other two windows to permit imaging. A block diagram
of the experimental setup is presented as Fig. 2.

The write excitation was performed with a frequency
doubled Continuum ND6000 Dye Laser, which was pumped
with 400 mJ/pulse at 355 nm from a frequency tripled con-
tinuum PR8010 Nd:YAG laser. The dye was Coumarin 440
(Exciton). Frequency doubling of the dye-laser output
(429.4 nm) was performed with an Inrad BBO-C (65°) crystal
placed in a Inrad 820-360 gimbal mount. The 214.7 nm and
429.4 nm beams were separated with a Pellin—Broca prism.
The 429.4 nm beam is sent to a beam dump and the
214.7 nm beam is focused to a narrow waist (~40 pm in diam-
eter) in the test section over the jet with a 600 mm fused silica
lens (Fig. 3 left). This setup resulted in an approximately
1 m]/pulse, with a wavelength of 214.7 nm, a linewidth of
approximately 10 cm™!, a pulsewidth of approximately 7 ns,
and a repetition rate of 10 Hz. Assuming a Gaussian beam,
the peak beam fluence is approximately 40 J/cm?.

The read excitation was performed with a Continuum
NDG60 dye laser, which was pumped with approximately
250 mJ/pulse at 532 nm from a frequency doubled
Continuum NY82S-10 Nd:YAG laser. The dye was LDS
765 (Exciton). This setup resulted in an approximately
10 mJ/pulse with a wavelength of 760.15 nm, a linewidth
of approximately 10 cm™, a pulsewidth of approximately
8 ns, and a repetition rate of 10 Hz. The 760.15 nm beam
is focused to a sheet (=150 pm thickness) over the jet
(Fig. 3 right). The read sheet overlaps the position of the write
line and the position of the tagged Kr after it has been advected
by the flow.

Doubling 429.4nm
Crystal 214.7nm

760.2 nm

Camera

Fig. 2. Block diagram of experimental setup. Dashed lines indicate
wiring. Solid lines indicate plumbing. Valves are not indicated. PDG,
pulse delay generator; P-B prism, Pellin—Broca prism; F, flashlamp; Q,
Q-switch; Vac, vacuum. Not to scale or indicative of plane.
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Excitation sheet

Spontaneous emission
760.2 nm/819.0 nm

Jet boundary ?

760.2 nm

Two-photon excitation

214.7 nm

Fig. 3. Left: Schematic of the jet and the write line, which is purple
and indicated by the solid arrow marking 214.7 nm. Right: Schematic
of the jet and the read-excitation sheet, which is red and indicated by
the solid arrow marking 760.2 nm. Additionally, on right is the spon-
taneous emission line from the tagged advected and excited Kr atoms,
which is indicated by the dashed arrow marking 760.2 nm/819.0 nm
emission. The object plane of the intensified camera is parallel to the
page and coincident with the read sheet.

The timing is controlled by two pulse/delay generators.
One pulse/delay generator (SRS DG535) is cycled internally
at 10 Hz, and is used to trigger the flash lamps in the
Nd:YAG lasers and a second pulse/delay generator. The second
pulse/delay generator (BNC 505-4C) is run in single-shot
mode and actively controls the two Q-switches in the
Nd:YAG lasers, and triggers the solenoid and the gate for
the intensified camera. The intensified camera is a 16-bit
Princeton Instruments PIMAX-2 1024 x 1024 with a
18 mm Gen IIT Extended Blue intensifier; the gain is set to
255 for all experiments.

Each raw image recorded with the intensified camera is
processed with MATLAB in three steps: (1) cropping the image
to a region of interest around the flow field; (2) inverting the
intensity scale by taking the compliment of each image; and
(3) mapping the intensity values in each image to new values
such that 1% of data is saturated at low and high intensities.

6. RESULTS

We present KTV results performed on an underexpanded jet
for three cases of different Kr/N, mole fraction: Case 1: 100%
Kr, Case 2: 5% Kr/95% N,, and Case 3: 0.5% Kr/99.5% N,.
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The underexpanded jet is pulsed, and after a fixed time delay
the metastable krypton tracer is photosynthesized or written
with the first laser at 214.7 nm. Then, the read sheet at
760.2 nm is pulsed at a further prescribed delay. This approach
results in an observed distance of travel (by imaged LIF) for the
metastable krypton tracer for a specified time.

The conditions at the write location of the underexpanded
jet are calculated with an empirical fit found in Crist ez /. [69]
and presented in Table 1. Crist ez a/. [69] gives a relation for the
Mach number A, as a function of distance from the jet orifice
x, jet diameter D;, and ratio of specific heats y. The velocity is
found by calculating the sound speed at each Mach number
from the isentropic gas relations [70]. The molecular weight
and the ratio of specific heats for the mixtures are computed
with Cantera [58].

In Case 1, we present KTV in a 100% krypton underex-
panded jet. The metastable krypton tracer is written approxi-
mately two diameters from the jet orifice. The effective plenum
pressure is approximately 240 kPa. A series of four exposures is
presented as Fig. 4. The KTV exposures show the compression
waves at the jet boundary because of the long camera gate time
(20 ps). For this series of experiments, the camera gate overlaps
the write and read laser pulses. As the time delay between the
write line and the read sheet is increased, there is an apparent
translation of the tagged metastable Kr tracer. The decay in
intensity of the spontaneous emission from the tagged Kr is
also apparent. This indicates that the metastable state is
decaying and/or the local number density is decreasing.

For Case 2, we present KTV of an underexpanded jet com-
prised of a 5% Kr/95% N, mole fraction mixture. The meta-
stable krypton tracer is written approximately two diameters
from the jet orifice. The effective plenum pressure is approx-
imately 180 kPa. A series of four exposures is presented as
Fig. 5. In this series, the camera gate (100 ns) is chosen to
bracket only the spontaneous emission from the tagged Kr
tracer (after the first image). In the first image, the camera gate
overlaps the read and write pulses because they are pulsed at the
same time. This is apparent when comparing the image sequen-
ces in Figs. 4 and 5. The laser induced fluorescence is not
present at the bottom of each exposure in Fig. 5 because of
the chosen camera gate.

For Case 3, we present KTV of an underexpanded jet
comprised of a 0.5% Kr/99.5% N, mole fraction mixture.
The metastable krypton tracer is written approximately two
diameters from the jet orifice. The effective plenum pressure
is approximately 180 kPa. A series of six exposures is presented

Table 1. Conditions of the Underexpanded Jet for each of the Three Cases with a Fictitious Fourth Case of

Pure N,?°
Case Xkr Xy, Py w pr, Puw V., M, Y Reunit Pr,

=) =) (kPa) (g/mol) (Pa) (kg/m?) (m/s) =) =) (1/m) -

1, Fig. é 1.000 0.000 240 83.8 491 0.200 507 5.72 1.67 56.7e6 0.667
2, Fig. 5 0.050 0.950 180 30.8 345 0.027 707 5.01 1.41 79.0e6 0.700
3, Fig. g 0.005 0.995 180 28.3 340 0.024 714 5.00 1.40 79.7¢e6 0.708
4 0.000 1.000 180 28.0 340 0.023 715 5.00 1.40 79.8¢e6 0.709

“Xkr and X, are the Krand Np mole fractions, respectively. Py is the effective reservoir pressure, and W is the mean molar mass of the mixture. P,,, py,, Vo M,

Yw> Rt and Pr,, are the static pressure, density, velocity, Mach number, ratio of specific heats, unit Reynolds number, and Prandtl number calculated per the

empirical fit in Crist ez al. [69] at the write location of the underexpanded jet.
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Fig. 4. Case 1. KTV in a 100% krypton underexpanded jet.
Inverted intensity scale. Conditions in Table 1. The camera gate is
fixed to 20 ps to include the write and read laser pulses. The time
stamp of the delay between the write and read pulses is given in
ps. Major tick marks are shown at 5 mm intervals.

as Fig. 6. In this series, the camera gate (100 ns) is chosen to
bracket only the spontaneous emission from the tagged Kr
tracer (after the first image).

7. REDUCTION OF KTV DATA

A time-of-flight style analysis is used to calculate the one-
dimensional (1D) velocity of the tagged Kr along the centerline
of the underexpanded jet. In the interest of exploring the limits
of the technique, the 0.5% Kr/99.5% N, case will be analyzed
because of its lower SNR ratio relative to the other experiments.

(e}
=
0

Fig. 5. Case 2. KTV in a 5% Kr/95% N, mole fraction underex-
panded jet. Inverted intensity scale. Conditions in Table 1. The cam-
era gate is fixed to include only the read laser pulses (after the first
image). The time stamp of the delay between the write and read pulse
is given in ps. Major tick marks are shown at 5 mm intervals.
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The camera response is averaged along a 375 pm (10 pixel) slice
on the centerline to track the tagged krypton (left to right in
each exposure of Fig. 6). The slice width is less than 1% of the
radius of curvature of the tagged Kr (computed by image
processing in MATLAB); thus, two-dimensional effects need
not be considered. The averaging of this slice along the center-
line yields a 1D intensity vector for each exposure; these are
denoted with diamond markers in Fig. 7.

To find the tagged Kr center-of-mass location, a Gaussian
model of the form £ (x) = 2 exp(-((x - b)/c)?) is fitted to the
intensity vector for each exposure. The centroid (4) and the
95% confidence bounds are determined with MATLAB.
The traversed distance, Ax, is then found as the read-centroid
location relative to the write-centroid location. The Gaussian
fits (solid lines) are presented in addition to the experimental
intensity vectors (diamond markers) in Fig. 7. Each centroid is
marked with a circle, and the color of each plot corresponds to
the color-mark in the lower right of each image in Fig. 6. For
example, the write location (black) and a read location (green)
were determined from the intensity data in Fig. 7, and these
correspond to the upper-left, and lower-right images in
Fig. 6 at 0 and 3000 ns, respectively. The time-of-flight,
At, is the prescribed delay between the write- and read-laser
Q-switch pulses.

Velocity is then found as V' = Ax/At (Fig. 8). Implicit in
this formulation is that the local acceleration is small. The
velocities presented in Fig. 8 are plotted with the corresponding
colors to Fig. 7 and the color mark in the lower-right corner of
each exposure in Fig. 6. The velocity data appearing in Fig. 8
denoted by thin black markers are from the same data set, but
are omitted from Figs. 6 and 7 for clarity of the data-reduction
presentation.

The uncertainty in the experimental velocimetry results in
Fig. 8 is determined in the usual manner [71]. The uncertainty
in Ax is estimated as the 95% confidence bound around
the Gaussian centroid determined for each vector of averaged

Fig. 6. Case 3. KTV ina 0.5% K1/99.5% N, mole fraction under-
expanded jet. Inverted intensity scale. Conditions in Table 1. The
camera gate is fixed to include only the read laser pulses (after the first
image). The time stamp of the delay between the write and read pulses
is given in ns. Major tick marks are shown at 5 mm intervals. The color
marks in the lower-right corner of each exposure correspond to the
colors of the data presented in Figs. 7 and 8.
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Fig. 7. Processed data from exposures in Fig. 6. The intensity vec-
tors are denoted by diamond markers, and the Gaussian fits to the data
are marked by solid lines of the same color. The circles mark the cent-
roid of the intensity data, per the Gaussian fits. Colors marking the
processed image data presented here and in Fig. 8 correspond to the
color marks in the lower-right corner of each exposure in Fig. 6.

image intensity. The uncertainty in At is estimated to be 50 ns,
primarily due to fluorescence blurring as considered in Bathel
et al. [28]. From the manufacturer’s specification, we estimate
that the jitter is relatively small, approximately 1 ns for each
laser. The fluorescence blurring primarily occurs because of
the time scale associated with the 5p[3/2], — 55[3/2]} and
5p[3/2], = 5s[3/2]3 transitions (25 ns [64—67]). We double
this value and report that as the uncertainty in Ar.
Additionally, the uncertainty due to the predicted local accel-
eration of the gas (3%) is included in a root-means-squares
sense. As expected, due to the functional form of the velocity
relation (V' = Ax/Atz), the magnitude of the error bars

1000 : .
900} ]
800} ]
7001 ﬁﬁ'@ﬁ'ﬁ_
600} ]
500} ]
a00f ]
300} ]
200} ]
100} ]

0 . .
2 25 3 3.5

Non-dim distance from nozzle exit (x/D;)
Fig.8. KTVina0.5% Kr/99.5% N, mole fraction underexpanded

jet. The circular markers are experimental KTV data and the solid line
is an empirical fit from Crist ez al. [69]. Colors marking the processed
image data presented here and in Fig. 7 correspond to the color marks
in the lower-right corner of each exposure in Fig. 6.

Velocity (m/s)
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decrease with increasing distance from the write location.
The uncertainty in the velocimetry results is below 5% at
nondimensional distances of greater than x/D; ~ 2.75. These
values of uncertainty are indicative of a strength of the KTV
technique: the lifetime of the metastable Kr state is long enough
to yield velocimetry results with reasonably low uncertainty.
The empirical fit of Crist et al. [69] (black line in Fig. 8) falls
within the error bars of the KTV data, bringing confidence to
the results.

8. CONCLUSIONS AND FUTURE WORK

In this work, KTV is performed in an underexpanded jet. The
experimental setup and excitation/emission scheme of krypton
for tagging velocimetry are presented. The data reduction
scheme is described, and the uncertainty is estimated. A com-
parison of the experimental KTV data is found to compare
favorably to an empirical fit from Crist ez al. [69].

We demonstrate that the KTV technique can be used in gas
mixtures with relatively low krypton mole fraction (0.5% Kr/
99.5% N,). Importantly, the uncertainty in the velocimetry
results was found to be less than 5% for times of flight (Az)
shorter than the metastable decay time. Additionally, the
uncertainty in the velocimetry results could be reduced with
refined treatment of the experimental setup. We conclude that
the KTV technique shows promise as a velocimetry tool with
tagged krypton as a chemically-inert, dilute, long-lifetime tracer
in gas-phase flows.

In the future, we believe that the KTV technique has the
potential to broaden the utility of tagging velocimetry with
new applications to reacting flows because of the chemically
inert nature of the tracer. The utility of the technique will need
to be demonstrated in the study of flows of larger characteristic
scale than the small underexpanded jet examined in this work.
In addition, the lifetime of the metastable Kr tracer will need to
be quantified in flows of varying chemical composition and
thermodynamic state.
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