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Molecular Tagging Using Vibrationally Excited Nitric Oxide
in an Underexpanded Jet Flowfield
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We report a laser diagnostic technique which relies on planar laser-induced fluorescence of vibrationally excited
nitric oxide (NO,_;) molecules produced from the 355 nm photodissociation of seeded NO, for molecular tagging
velocimetry applications. The technique was applied toward an axisymmetric highly underexpanded jet flowfield to
yield single-component (streamwise) velocity maps. Detection of the photodissociated NO,_; molecules would be
valuable in flow environments where molecular tagging velocimetry would be highly desirable, but where there are
also significant background concentrations of NO. The technique would also be valuable in high-quenching and/or
low-velocity flow conditions due to the long-lived nature of the photodissociated NO molecules. Single-shot
streamwise velocity uncertainties were about 5% and could be lowered by increasing signal to noise. In addition,
the vibrational relaxation of NO was explored in support of a U.S. Air Force Office of Scientific Research
Multidisciplinary University Research Initiative project and it was found that the vibrational decay of NO was
heavily dependent on collisional vibrational relaxation with oxygen atom formed through NO, photodissociation.
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experimentally determined calibration constant
nozzle diameter

Mach disk diameter

Boltzmann constant

ambient pressure

exit pressure

stagnation pressure

fluorescence signal intensity

stagnation temperature

vibrational temperature

primary wavelength

. distance from nozzle to Mach disk

AE b energy difference between vibrational states
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ELOCITY is a very important parameter in the characterization

of aerodynamic flowfields. There are two approaches used to
measure velocity: probe-based (intrusive) and laser-based (non-
intrusive) techniques. Two widely used nonintrusive techniques
relevant to this study are particle image velocimetry (PIV) and
molecular tagging velocimetry (MTV). PIV and MTV are planar
techniques and can therefore provide instantaneous two-component
velocity maps. Both MTVand PIV require a pair of images: an initial
image and a time-delayed image. The velocity is calculated by
dividing the spatial displacement by the known temporal separation
between the two images. PIV diagnostics require the use of seeded
particles, and although these particles are small (<1 pm), they often
cannot follow the flow as precisely as molecules, particularly in the
region of strong shocks, as shown in [1]. In addition, the seeding of
particles is undesirable in some facilities, where the particles may

Introduction

Presented as Paper 1447 at the 47th AIAA Aerospace Sciences Meeting,
including The New Horizons Forum and Aerospace Exposition, Orlando, FL,
5-8 January 2009; received 23 July 2008; revision received 10 July 2009;
accepted for publication 18 July 2009. Copyright © 2009 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved. Copies of
this paper may be made for personal or internal use, on condition that the
copier pay the $10.00 per-copy fee to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923; include the code 0001-1452/09
and $10.00 in correspondence with the CCC.

*Chemistry Department. Member AIAA.

fAerospace Engineering Department. Member AIAA.

*Aerospace Engineering Department. Associate Fellow AIAA.

SChemistry Department.

2597

clog the facility, coat optical windows, or cause damage by
impinging on surfaces. MTYV relies on the tagging of molecules by a
“write” laser pulse, which are subsequently probed at a known time
delay by a “read” laser pulse. MTV encompasses a wide range of
techniques that can be applied in both gaseous and liquid flowfields
and includes both line and gridded variants. Line MTV provides a
single component of velocity by observing the spatial displacement
of the line, whereas gridded techniques provide two components of
velocity in the laser plane by observing the warping of the grid, that
is, the spatial displacement of the grid intersection points. Several
examples of gaseous MTV techniques are ozone tagging velocimetry
(OTV), hydroxyl tagging velocimetry (HTV), Raman excitation plus
laser-induced electronic fluorescence (RELIEF), nitric oxide (NO)
tagging velocimetry, and NO, photodissociation. OTV involves the
photolytic formation of ozone, which is then photodissociated to
form vibrationally hot O, and simultaneously probed via Schumann—
Runge fluorescence, as in [2]. HTV involves the photodissociation of
water and followed by detection of OH by laser-induced fluorescence
(LIF) [3-5]. RELIEF involves LIF probing of tagged vibrationally
excited O, molecules, asin [6]. NO tagging velocimetry is conducted
using naturally occurring NO, as in [7], by photodissociation of
air [8,9], or by photodissociation of NO, [10,11]. In all three
cases, reported studies have been limited to probing of the ground
vibrational state of NO (NO,_,) at 226 nm.

Studies in [7] have used NO tagging velocimetry where a write
laser beam is used to electronically excite a line of naturally occurring
NO in a hypersonic shock tube flowfield. The tagged NO decays with
its fluorescence lifetime. Shortly after excitation, the tagged NO is
read by imaging its fluorescence onto a short-exposure intensified
charge-coupled device (ICCD) camera. A second image is obtained
at a later time when the flow has experienced some spatial displace-
ment. Based on the spatial displacement of the NO molecules, the
streamwise velocity can be extracted from the data. This single laser
experiment relies on conditions where the flow velocities must be
sufficiently large so that the tagged NO undergoes reasonable spatial
displacement within its fluorescence lifetime. In environments
characterized by either low velocities or high fluorescence quench-
ing, the time delays required for adequate spatial displacement
exceed the fluorescence lifetime, decreasing signal to noise in the
second image obtained and limiting the application of the technique.
An alternative is the use of NO, photodissociation [10,11]. Instead of
probing NO, which is dispersed throughout the flow, the photo-
dissociation of NO, writes a column of spatially localized NO (and O
atom) where the NO itself serves as the “tagged” molecules. The NO
is then read at two subsequent times by two separate laser pulses via
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electronic excitation followed by fluorescence imaging. However,
because the NO itself serves as the tag, the images need not be
obtained during a single fluorescence lifetime. NO is also chemically
stable and its depletion is only dependent on fluid mixing and
diffusion. Thus, the photogenerated NO can be tracked on a time-
scale considerably longer (micro- to milliseconds) than excited state
fluorescence (~10-200 ns depending on quenching conditions). In
this paper, the write laser refers to the photodissociation laser, and the
read lasers refer to the NO fluorescence probe lasers.

In addition, the photodissociation of NO, at 355 nm produces both
ground and excited vibrational states of NO as shown by the
following equation:

NO, + hvsss yn = NO,—p + O
—~NO,_, +0 1)

with an experimentally determined branching ratio of NO,_,:NO,_,
of 41.2 £ 6.2:58.8 £ 8.8 as discussed in [12—-14]. This branching
ratio is well known and corresponds to a two-level Boltzmann
vibrational temperature of 6700 K. In flow environments where
there are significant background concentrations of NO, probing
NO,_; rather than NO,_, can provide a significant signal-to-noise
enhancement if background NO exists primarily in the ground
vibrational state. Examples of such environments include high
enthalpy facilities, combustion systems, and nonequilibrium air
plasma flows.

The present study also includes an explanation of the mechanisms
of the NO vibrational temperature decay as a function of space and
time. This study is motivated by the recent increased interest in
characterization of thermal nonequilibrium systems, such as those
discussed in [15—-19]. These systems are often encountered in hyper-
sonic flowfields, where vibrational temperatures can reach thousands
of Kelvin, trapping significant energy in molecular vibration.
As a component of a U.S. Air Force Office of Scientific Research
(AFOSR) sponsored Multidisciplinary University Research Ini-
tiative (MURI) program, we have been investigating the coupling of
molecular nonthermal equilibrium (NTE) and turbulence. The term
NTE refers to a state in which the molecules are in thermal non-
equilibrium. Because the dissipation of turbulent kinetic energy is a
collision-driven process, molecular nonequilibrium may signifi-
cantly alter the basic turbulence energy budget dynamics. The
experimental goals include providing quantitative measurements of
the key second-order moments in canonical flows with and without
molecular nonequilibrium and the advancement of laser diagnostic
capabilities for multiparameter fluctuating turbulence measurements
in nonequilibrium flows. In those experiments, a capacitively
coupled radio frequency (CCRF) plasma is employed to produce
vibrational NTE in low-temperature (7o, ~ Trans ~ 300 K) flow-
fields to assess the influence of vibrational relaxation. We find that
the photodissociation of NO, provides a clean source of vibrationally
excited NO with little rotational and translational excitation and is
therefore a convenient system by which to calibrate planar laser-
induced fluorescence (PLIF) diagnostics of NO vibrational thermo-
metry in NTE flowfields characterized by 300 K rotational and
translational temperatures and vibrational temperatures in excess of
2000 K. In addition, comparing experimental vibrational decays of
NO to modeling can serve to validate vibrational kinetics modeling
for further understanding of the driving mechanisms for NO vibra-
tional decay. In addition, this technique would be useful in environ-
ments where the presence of water vapor or O, is undesirable, where
OTV and HTV cannot be applied. The technique has also been
applied toward combustion diagnostics, as demonstrated in [20],
although in such environments, the decomposition of NO, must be
considered and NO, must be preseeded (as naturally occurring NO,
levels would be too low to support this diagnostic technique).

The NO vibrational temperature can be imaged by probing the
populations of the two vibrational levels of NO simultaneously using
NO PLIF as shown in [21]. Therefore, the vibrational temperature
decay of NO can be temporally tracked. The fluorescence signal
intensity is a complicated function of the initial population of the

probed state, the ratio of the stimulated emission Einstein coeffi-
cients, the saturation and laser intensities, the spontaneous emission
Einstein coefficient, and an overall efficiency term which can be
obtained via a calibration point as shown in [22]. However, the ratio
of two fluorescence signals that are obtained in the linear fluores-
cence regime by probing identical rotational states and two different
vibrational levels cancels out many of these variables and yields a
simple equation where the vibrational temperature can be directly
calculated, as shown next. The quenching rates in the excited elec-
tronic state (A state) are also nearly equal for the ground (v = 0) and
excited vibrational level (v = 1) as shown in [23]. Further details on
the derivation of this equation and its validity for NO PLIF can be
found in [21]:
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Then, by imaging the NO fluorescence onto ICCD sensors, a
vibrational temperature map can be determined by performing pixel-
by-pixel calculation of the vibrational temperature.

We demonstrate both the velocimetry and vibrational temperature
studies in a highly underexpanded, axisymmetric free jet flowfield.
The terminology that will be used in this study was referenced
from [24]. Briefly, underexpanded jets are broken down into two
categories: moderately underexpanded and highly underexpanded
jets. Moderately underexpanded jets possess a shock diamond struc-
ture caused by oblique shock waves, whereas highly underexpanded
jets possess a Mach disk. The transition from subsonic to moderately
underexpanded to highly underexpanded is a function of the jet
pressure ratio (JPR), which is defined as the ratio of the exit pressure
to ambient pressure P,/ P,. Generally, jets with JPRs > 2 are defined
as highly underexpanded. The structure of the highly underexpanded
jetis well known [25] and relevant structures to this study are labeled
in Fig. 1. At the nozzle exit, Prandtl-Meyer expansion fans give rise
to the barrel shock structure that surrounds the inner isentropic
expansion region. The expansion in this region is terminated by a
Mach disk which recompresses the flow. The intersection of the
barrel shock and Mach disk is known as the Mach disk triple point
and this point gives rise to a slip line between the subsonic core (inner
jet) and supersonic region (outer jet) which develops into a shear
layer. There also exists a shear layer between the outer jet and
ambient, nearly stagnant, fluid. As the fluid travels past the plane of
the Mach disk, a series of oblique shocks recompress the flow, but
there are no further normal shocks for very highly underexpanded
jets [25]. These oblique shocks cause weak oscillations in the
streamwise velocity and temperature.

The structure of underexpanded jets is usually classified by
distance to Mach disk X,,, diameter of Mach disk D,,, and primary
wavelength w which have all been found to be a function of the
JPR [26]. Underexpanded jets can be further classified as laminar,
transitional, and turbulent underexpanded jets by defining a
Reynolds number that takes into account the JPR [27]. Transition is
caused by instabilities within the shear layer that develop between the
inner and outer regions, giving rise to fluid mixing between these two
regions as the flow becomes more and more turbulent. By using this

a: expansion fans

b: barrel shock

— ¢: isentropic expansion
d: Mach disk

e: triple point

f: slip line (shear layer)
g: inner jet

h: outer jet

Fig. 1 Relevant structures associated with a highly underexpanded jet
flowfield.
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Fig. 2 Schematic of experiment and close up of field of view.

Reynolds number, the distance from the nozzle exit to transition and
also to turbulence can be calculated as in [27]. Recent studies of the
underexpanded jet have focused on measurements of simultaneous
temperature and velocity using NO PLIF [28], simultaneous pres-
sure and temperature measurements using N, coherent anti-Stokes
Raman spectroscopy [24], and simultaneous pressure, velocity, and
temperature measurements using high spectral resolution NO PLIF
asin [29]. Numerical studies have focused primarily on a comparison
of the measured properties of underexpanded jet structure with
computational fluid dynamics as in [26].

The present experiment represents the first known use of probing
NO,_, (rather than NO,_,) via the NO, photodissociation MTV
technique toward single-component velocity mapping. We anticipate
that the technique will be valuable in flowfields with high fluores-
cence quenching, large ambient NO background, or low velocities
where NO fluorescence lifetime is not adequate for obtaining
sufficient spatial displacement. In addition, a study into the vibra-
tional decay of NO motivated by an AFOSR MURI program will be
briefly included.

II. Experimental Setup

A. Single-Component Molecular Tagging Velocimetry

The experiments were conducted in a vacuum chamber which was
fitted with a nozzle to create the highly underexpanded jet flowfield.
The nozzle construction was simple, and consisted of i in. stainless
steel sealed tubing with a 1-mm-diam circular nozzle throat. The
chamber was continuously evacuated (pumping speed ~250 cfm) to
maintain steady ambient pressures using a roots blower and backing
pump. Optical access was available via quartz windows on four -
sides. The stagnation and ambient pressures were monitored using
calibrated pressure transducers (MKS Series 902). The N, was high-
purity gas from Brazos Valley Welding, and the NO, was supplied by
Sigma Aldrich (>99.5% pure). The NO was diluted using N, from a
10% NO/N, mix, supplied by Matheson Tri-Gas. The overall timing
for the entire experiment was controlled by a digital delay generator
(Berkeley Nucleonics Corporation, model DG565). Figure 2 shows
the schematic layout of the setup with a close up of the field of view.

The timings for the laser pulses are as follows. The photo-
dissociation laser (Spectraphysics PRO 290-10, 355 nm at 10 Hz)
was focused into a beam and generated a column of local thermal
nonequilibrium distribution of NO,_; and NO,_,. The NO probe
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laser systems consisted of two frequency doubled Sirah Cobrastretch
dye lasers pumped by two Spectraphysics LAB 150-10 Nd:YAG
lasers operating at 10 Hz and 355 nm to produce tunable UV laser
light at around 224-226 nm. At 100 ns after photodissociation, the
first probe laser sheet read the initial location of NO,_; molecules by
fluorescence imaging onto an ICCD camera (Andor iStar ICCD,
model DH734, 16 bit, fitted with a Nikon 105 mm F/4.5 UV lens). No
filters were used to maximize the transmitted fluorescence signal, and
elastic scatter was temporally minimized by delaying the cameras
approximately 10 ns after the arrival of the probe laser pulse. The
second image was taken 500 ns after photodissociation by a second
probe laser and ICCD camera, also imaging NO,_;. The camera
gates were set at 50 ns. Because the camera gate width is not
negligible compared to the temporal delay between images (400 ns),
systematic errors in the velocimetry calculation were accounted for
using the timing calculations described in [7]. The measured NO
displacement was divided by the known time delay to give the
streamwise velocity. The NO rotational states probed for the first and
second probe lasers were R, + Q,,(1.5) and the group of lines
which form the bandhead surrounding Q,(1.5), respectively, in the
A*ZF, (V' =1) < X*I1, ,(v" = 1) transition. These lines were
chosen because they are well populated over the temperature
range (20-300 K) expected in the underexpanded jet flowfield. To
demonstrate the advantages of probing NO,_; over NO,_,, the
experiment was repeated, except NO,_, was probed instead of
NO,_,. The rotational states of NO,_, probed were R; + Q,;(2.5)
for both probe lasers in the A*Z}, (v =0) < X*I1,,(v" =0)
transition. The probed rotational states for both NO,_; and NO,_,
were located using the spectral simulation software LIFbase [30].
The power of the photodissociation beam was approximately
10 mJ/pulse at the test section, and the calculated NO, photo-
dissociation fraction was greater than 99.9%. The short temporal
separation (400 ns) between the initial and time-delayed image was
used for increased spatial resolution. The experimental conditions
are listed in Table 1. Further detail on the experimental setup and
timings are provided in [31].

The experiments were carried out using both integrated (30 s) and
single-shot images. All images were obtained at full resolution
(1024 x 1024 pixels). The photodissociation beam was formed by
blocking the laser using a pair of facing razor blades just before its
entrance into the vacuum chamber. The width of the beam was
approximately 700 pm. The integrated images were taken by trans-
lating the razor blade assembly, starting from the nozzle across the
flowfield to past the Mach disk and taking initial and time-delayed
images at each location. Sixteen total locations were used. A
statistical set of single-shot images (630 images) at location 7 of 16
were taken for uncertainty analyses. Sample raw images of the
experiments probing NO,_, and NO,_, are shown in Figs. 3 and 4,
respectively. The field of view is about 14 x 14 mm. Each of the
locations were approximately equidistant, so that adjacent lines were
approximately 800 pm apart. Simply from visual assessment of the
raw images, it is clear that the images probing NO,_, suffer from
background NO fluorescence. The photodissociated NO is clear in
both cases, although the NO,_, images provide much larger contrast
and hence better signal to noise.

B. Nitric Oxide Vibrational Temperature Decay

As part of an AFOSR-funded MURI project, the NO vibrational
temperature decay was measured using long time delays (us steps).
The goal was to create a local-nonthermoequilibrium distribution of
NO molecules and then map out the vibrational energy decay of NO

Table 1 Molecular tagging velocimetry experimental conditions

Mole Fraction

Probed state P,, torr Py, torr JPR T,, K NO N, NO, 0,
NO,_, 4.8 450 49.53 300 0.009 0921 0.07 0.00
NO,_, 4.6 450 51.68 300 0.02 0.94 0.04  0.00
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NO;_,, Initial Image
Location 1

' N

NO,_, Delayed Image
Location 1

1 mm

Location 7 Location 7

Location 14 Location 14

Fig. 3 Initial and time-delayed integrated images for molecular tagging
velocimetry studies, probing NO,_,.

as a function of space and time in the flowfield. The experiment was
valuable for validating the vibrational kinetics modeling to describe
the vibrational energy exchange and decay between flow species
following the CCRF discharge. This experiment was first conducted
in a simple static cell and then was conducted in the underexpanded
jet flowfield because the underexpanded jet flowfield offered a
variety of pressure and temperature conditions in one simultaneous
flowfield, which could be used in comparison to vibrational kinetics
modeling. The results presented in this paper pertain to the under-
expanded jet flowfield. The experimental conditions are as follows:

NO,_; Initial Image
Location 1

NO,_; Delayed Image
Location 1

1 mm

Location 7 Location 7

Location 14

Location 14

Fig. 4 Initial and time-delayed integrated images for molecular tagging
velocimetry studies, probing NO,_,.

P, =123 torr, Py = 551.8 torr, JPR =23.70, T, = 300 K, bulk
gas (air) mole fraction = 0.976, NO, mole fraction = 0.024, and
Re=1.67x10° m™!.

The timing for this experiment was different than that of the
velocimetry experiment. At some time delay f1 after photo-
dissociation, the NO,_; was probed by the first probe laser. A short
time after the NO,_, probe laser pulse 2, NO,_, was probed by the
second probe laser. The probe laser powers (1-2 mJ/pulse) were
experimentally verified to be in the linear fluorescence regime.
However, it should be noted that saturation of the fluorescence signal
would be desirable because the fluorescence signal would be
independent of laser power. Such laser powers (18-20 mJ/pulse)
are currently possible with optical parametric oscillator and sum-
frequency mixing schemes.

The temporal separation between the NO,_; and NO,_, probe
lasers (2, which was 150 ns) was not changed. However, the time
delay after photodissociation (¢1) was changed in steps of us. In this
way, a vibrational temperature map at each 71 could be produced
through the use of Eq. (2), and the collection of maps as a function of
t1 results in a NO vibrational temperature decay. In this experiment,
NO rotational states R; + Q,,;(3.5) were used for both NO,_, and
NO,_,. These rotational states were chosen because they would
be well populated in the low temperatures expected in the under-
expanded jet flowfield and were well separated from other rotational
lines. The photodissociation laser beam was positioned in the
postshock region of the highly underexpanded jet, just beyond the
Mach disk. The main reason for this choice was that, in the cold
expansion region before the Mach disk, the vibrational temperature
would freeze out and so would not be adequate for demonstrating
vibrational relaxation. For this experiment, the ICCD cameras were
binned 2 x 2 for a final image size of 512 x 512 pixels and mapped
to a field of view of 18.4 x 18.4 mm?. Figure 5 shows the location of
the nascent NO molecules in relation to the highly underexpanded jet
flowfield at nominal delays of O and 12 us. The images were
constructed by overlaying images of the raw molecular tagging data
with 1% NO in N, run at the same JPR as the molecular tagging data.
We interrogated specific regions of the flow due to the differing
pressures, and thus different decay rates. The interrogated areas were
the ambient region, centerline region, and the turbulent outer jet
regions, which are labeled in the right panel of Fig. 5. The scaled
Reynolds number was calculated using expressions found in [27].

Data were acquired at various nominal time delays from O to
200 s and consisted of 62 image pairs. In addition, 40 single-shot
images at each of the time delays (0, 5, 10, 15, 20, 25, and 30 us)
were taken for statistical error analyses. Sample raw (uncorrected)
images of NO,_, and NO,_, are shown in Fig. 6. The vibrational
decay is qualitatively apparent through comparison of the NO,_, and
NO,_, images because the NO,_; images have a much more rapid
relative decay than the NO,_, images.

III. Results and Analysis

The important difference between the two studies was that the
molecular tagging velocimetry study was focused on time-correlated
velocimetry using a short time delay (few hundred nanoseconds)

0 ps delay 6 ps delay
Ambient

region

Outer jet
- regions

Centerline
region

1 mm

Fig. 5 Highly underexpanded jet flowfield: JPR = 23.7, Re = 1.67x
10° m~', 2.4% NO, in dry air for vibrational temperature study.
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NO,_y, O ps , NO,_j, 10 ps ,N O,_» 20 ps
e .
2 . mm ’ ’
NO,_,, 0 ps NO,_,, 10 ps NO,_;, 20 ps

Fig. 6 Raw images of 0, 10, and 20 us for the NO,_, (top) and NO,_,
(bottom) probe lasers for vibrational temperature study.

between the image pairs for better spatial resolution. Therefore,
each pair of single-shot images represents an instantaneous velocity
measurement. Vibrational temperature is not addressed in this
experiment because the short time delay is inadequate for vibrational
energy decay which occurs on the ps timescale. The main objectives
of the molecular tagging velocimetry study are 1) to show the
advantages of probing NO,_; over NO,_, for single-component
velocimetry for suppressing the effects of background NO fluo-
rescence, and 2) to demonstrate the use of photodissociation of
NO, and probing of NO,_; for low uncertainty single-component
velocimetry through single-shot image analyses.

The NO vibrational temperature decay study focused on time-
correlated vibrational temperature analysis using long time delays

n

Fig. 7 Spatial displacement at locations before (left) and after (right)
the Mach disk for velocimetry study.

Streamwise

Velocity (m/s):

1000~ :
800
600
400
200

(tens of microseconds) in support of an AFOSR-funded MURI
project. In this case, because the images at long time delays suffered
from low signal to noise, velocimetry accuracy was reduced and was
not the focus of the study. Rather, the main objective of the NO
vibrational temperature decay study were 1) to map the vibrational
temperature decay of NO molecules as a function of time and space,
and 2) to explore the underlying chemical kinetics mechanisms
which control the vibrational decay of NO. The results from both the
velocimetry and vibrational temperature studies are presented here.

A. Integrated and Single-Shot Images for Single-Component
Velocimetry

The integrated image pairs for each photodissociation line position
were analyzed separately and added to generate a streamwise
velocity map. Edge-finding procedures were used to locate the rising
and falling edges of each photodissociation line, and the streamwise
spatial displacement of the edges were tracked and divided by the
temporal separation (400 ns) to calculate the streamwise velocity.
Sample images are shown in Fig. 7. The left image corresponds to a
location about two-thirds of the way from the nozzle to the Mach disk
within the expansion region, and the right image corresponds to a
location nearly immediately after the Mach disk. The gray line is the
initial position, whereas the white line is the 400-ns-delayed location.
It is evident from the images that, in the left panel, the gas is moving
rather uniformly in the streamwise direction in the expansion region;
in the right panel, the subsonic core is shown by smaller stream-
wise spatial displacement, and is framed on top and bottom by the
supersonic outer jets depicted by larger spatial displacements.

To calculate the velocity, the software located each edge in the
initial image and then searched for the corresponding edge in the
delayed image using a user-defined pixel roaming value. Because
two edges are located for each photodissociation line at each loca-
tion, two streamwise velocity profiles were calculated. This process
was repeated for each image pair. The resulting streamwise velocity
lines were added together to create a velocity map, as shown in Fig. 8.
The images were smoothed using a standard Gaussian spatial filter,
producing a final resolution of 500 x 500 um in the field of view.
The derived velocity map exhibits structures consistent with the
underexpanded jet. In the streamwise direction, the flow accelerates
to hypersonic velocities until it reaches the Mach disk, where the flow
experiences a normal shock resulting in subsonic speeds. After the
Mach disk, the supersonic outer jet regions and subsonic core are
clearly identified in the velocity map (Fig. 8) as well.

To characterize the measurements’ uncertainty, 630 single-shot
images were taken at location 7 which was located roughly two-
thirds of the distance from the nozzle to the Mach disk in the
expansion region. The single-shot interpolated velocity maps were
averaged to produce an average streamwise velocity map. The spatial

Streamwise
Velocity (m/s)
1000

800

600

400

Fig. 8 Resulting streamwise velocity map from addition of velocity maps for all measurement locations.
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resolution was 1x 1 mm in the field of view. The average
streamwise velocity map was similar to the integrated images at the
same location. The root mean squared streamwise velocity map
showed 1o uncertainties of 40-60 m/s throughout the flow-
field, corresponding to an relative error of about 5% for average
streamwise velocities of 800 m/s. The uncertainties were lowest in
areas of highest signal-to-noise ratio (for higher number densities,
found in the barrel shock area) and slightly higher in areas of lower
signal-to-noise ratio (for lower number densities, found in the
isentropic expansion area). Overall, the low uncertainties for the
single-shot analysis are promising for application of this technique
toward single-shot facilities such as shock tubes, or for statistical
analysis in dynamic flowfields. The uncertainties could be reduced
further with higher signal to noise. This could be accomplished with a
higher seeding NO, density followed by higher photodissociation
laser intensity (through using lenses to focus the laser beam and/or by
increasing the overall laser power) because the fraction of NO,
photodissociated was >99.9%. In addition, the razor blades defining
the photodissociation line could be placed closer to the flowfield,
which would provide sharper lines and more precise location of the
edges. Longer time delays could also be employed to produce more
accurate velocity maps. However, this would result in lower spatial
resolution as the velocity measurements become more averaged.
We also examined the effect of diffusion as a potential source of
systematic errors in the edge-finding procedures. In the limit of
isotropic diffusion, there was no effect other than a decrease in the
intensity of the gradient, which may become an issue in the case of
closely spaced beams in a gridded application of MTV or in noisy
images. In the presence of strong density gradients, such as those
encountered across the Mach disk, diffusion may not be isotropic,
and thus may lead to uncertainties in the calculated velocities due to
edge-finding inaccuracies. Additional decreases in uncertainty could
be achieved by fitting a distribution (such as a Gaussian distribution)
to the profile of the tagged flow.

As an additional note, this experiment demonstrated the advantage
of probing NO,_, in the underexpanded jet flowfield. However, this
flowfield possesses relatively low temperatures (320 K and below),
and so it would be useful to examine the application of such a
technique in higher temperature flowfields, such as combustion
flowfields, which would contain naturally produced NO; this NO
would then cause NO background fluorescence which would
decrease the contrast of MTV images and cause higher uncertainties
in the derived velocity maps. Given the Boltzmann fractions of
NO,_; and NO,_, occurring at high temperatures, probing NO,_,
rather than NO,_,, through seeded NO, photodissociation should be
advantageous over a wide range of temperatures. However, an
important caveat is that, at elevated temperatures, not all of the seeded
NO, would be available for photodissociation. In fact, the thermal
decomposition of NO, at elevated temperatures must be considered,
as this will decrease the amount of NO, surviving for photo-
dissociation, and would lower the signal enhancement for probing
either NO,_, or NO,_,. For example, studies conducted in [20]
reported an 80% loss of NO, seeded at 5% due to thermal
decomposition in a laminar premixed ethylene—air flame. At these
conditions, the signal enhancement (defined as the NO,_, or NO,_,;
photodissociation signal assuming saturated photodissociation
signal, divided by signal from background NO,_, or NO,_,) for
probing NO,_; would drop below unity, but the signal enhancement
for NO,_; would still be greater than that of NO,_,. Therefore,
velocimetry under these conditions is still possible.

B. Integrated and Single-Shot Images for Vibrational Temperature
Mapping

To calculate the vibrational temperature from each pair of images
(NO,—, and NO,_, probe lasers) at each nominal delay, an image
processing code was developed based on extraction of vibrational
temperature by assuming a Boltzmann distribution of the two states.
The image processing included standard procedures for warping
both images to equivalent fields of view, background image sub-
traction, and laser sheet inhomogeneity correction. The calibra-

tion constant was calculated by setting the temperature at the time of
photodissociation to the well-known ratio of NO,_,:NO,_, formed
during photodissociation of NO, [12-14]. In this way, differences in
average laser intensities and camera sensitivities could be easily
calibrated using a single scaling factor. Because each of the
integrated images used for the analysis were 300 shot integrations,
the shot-to-shot variations in laser intensity did not contribute
significantly toward changing the value of the scaling factor. A
representative vibrational temperature map taken at 6 us time delay
is shown in Fig. 9. In this figure, the different vibrational relaxation
rates associated with the ambient, outer jet, and centerline regions are
clear. There is an artificial increase in vibrational temperature near the
edges of the tagged line, which originates from low signal to noise in
these areas and should be disregarded. In addition, a slight decrease
in vibrational temperature toward the downstream portion of the
tagged line may be due to the slight time delay (150 ns) between the
probing of the NO,_, and NO,_,, which was required to allow for the
fluorescence from the NO,_, to decay before probing the NO,_, and
this temporal delay would produce a slightly colder temperature on
the downstream edge. However, these effects would be insignificant
and the center of the tagged line represents the true vibrational
temperature measurement.

As expected, the outer jets (the areas of highest pressure)
experienced the fastest vibrational temperature decay, which are de-
picted in the figure as the areas with the lowest vibrational tempera-
ture. The centerline and ambient regions, at moderate and low
pressures, experienced moderate and slow decays resulting in
moderate and high vibrational temperatures, respectively. The slight
curvature of the vibrational temperature along the edges of the beam
is due to low signal to noise in those regions producing artificially
high vibrational temperatures and should be disregarded. The
centerline profile was modeled using a kinetics model [32] which
included both vibration—vibration (V-V) and vibration—translation
(V-T) exchanges between all flow species, as well as chemical
reactions. The species considered in the kinetics model included
ground and first excited vibrational states of NO, O,, and N,.
Concentrations of chemical species NO,, O;, and O were also
considered. Rate constants for the relevant reactions were taken from
the literature [17,33—41] and reverse rate constants that were not
found in the literature were calculate via the principle of detailed
balance. The experimental NO T;, (points) and simulated NO T,
(solid line) are presented in Fig. 10.

Because the fit of simulated to experimental data was quite good,
sensitivity analyses were conducted on the kinetics model NO,_; to
explore the mechanisms which drove the vibrational relaxation of
NO. The analyses revealed that the vibrational temperature decay
was extremely sensitive throughout the simulation run time to
vibrational relaxation of NO,_; by O atoms produced via photo-
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Fig. 9 Typical NO vibrational temperature map at nominal delay of
6 us.
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Fig. 10 Experimental and simulated NO vibrational temperature decay along centerline region.

dissociation. At later times (100-200 us), population depletion of
NO,_, became more sensitive to recombination and chemical feed
reactions. However, the sensitivity to vibrational relaxation by O
atoms was always several times greater, meaning that the reaction
was several times more important than those of the nearest com-
petitors, V=V and V-T energy exchanges with O,. Error analyses
involving multiple (40) single-shot pairs of images taken at each of
the nominal delays of 0, 5, 10, 15, 20, 25, and 30 us demonstrated
vibrational temperature uncertainties of approximately 6%. This
uncertainty includes laser shot-to-shot fluctuations, which were not
corrected on an image-by-image basis.

IV. Conclusions

We have conducted studies using the photodissociation of NO,
and probing the formed NO for measurements of velocity and
vibrational temperature in an underexpanded jet. Although other
authors have used the photodissociation of NO, and subsequent
probing of NO,_, for single-component velocimetry, we focused our
studies on demonstrating the advantages of probing NO,_, rather
than NO,_,, particularly for flowfields with naturally occurring NO
that would lead to background NO,_, fluorescence. Probing NO,_;
in such flowfields would provide higher contrast in the fluorescence
images and thus better signal to noise than probing NO,_,. These
efforts represent the first known study to address the use of probing
NO,_, for single-component velocity mapping via molecular
tagging velocimetry. This was true for all temperatures within the
underexpanded jet (320 K and below) and would also be true at
higher temperatures, although, at higher temperatures, the thermal
decomposition of NO, must be considered. For the velocimetry
calculations, a single photodissociation line was employed and
measurements were made at multiple downstream positions in the
flowfield. The results recovered the expected streamwise velocity
map of the underexpanded jet flowfield, with single-shot lo
uncertainties of 5%.

The vibrational temperature experiments explored the mechanism
of NO,_, vibrational decay using kinetics modeling in support of an
AFOSR MURI project. The main mechanism for NO vibrational
relaxation was collisional quenching with the photolytic O atoms.
Error analysis using single-shot PLIF images produced vibrational
temperature 1o uncertainties of about 6%.

We note that the present diagnostic technique could be extended to
photodissociate a grid, rather than a single line of NO,, with
subsequent probing of the photodissociated NO,_; to give two
components of velocity. Work in such studies is currently underway.
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