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Abstract

This LDRD was a Sandia Fellowship that supported Andrea Hsu’s PhD research at Texas A&M
University and her work as a visitor at Sandia’s Combustion Research Facility. The research
project at Texas A&M University is concerned with the experimental characterization of
hypersonic (Mach>5) flowfields using experimental diagnostics. This effort is part of a
Multidisciplinary University Research Initiative (MURI) and is a collaboration between the
Chemistry and Aerospace Engineering departments. Hypersonic flight conditions often lead to a
non-thermochemical equilibrium (NTE) state of air, where the timescale of reaching a single
(equilibrium) Boltzmann temperature is much longer than the timescale of the flow. Certain
molecular modes, such as vibrational modes, may be much more excited than the translational or
rotational modes of the molecule, leading to thermal-nonequilibrium. A nontrivial amount of
energy is therefore contained within the vibrational mode, and this energy cascades into the flow
as thermal energy, affecting flow properties through vibrational-vibrational (V-V) and
vibrational-translational (V-T) energy exchanges between the flow species. The research is a
fundamental experimental study of these NTE systems and involves the application of advanced
laser and optical diagnostics towards hypersonic flowfields. The research is broken down into
two main categories: the application and adaptation of existing laser and optical techniques
towards characterization of NTE, and the development of new molecular tagging velocimetry
techniques which have been demonstrated in an underexpanded jet flowfield, but may be



extended towards a variety of flowfields. In addition, Andrea’s work at Sandia National Labs
involved the application of advanced laser diagnostics to flames and turbulent non-reacting jets.
These studies included quench-free planar laser-induced fluorescence measurements of nitric
oxide (NO) and mixture fraction measurements via Rayleigh scattering.
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1. INTRODUCTION

1.1. Background and Motivation

The research project conducted at Texas A&M University is concerned with the experimental
characterization and theoretical modeling of non-thermal and non-chemical equilibrium systems
in hypersonic (Mach>5) shear layers using several experimental diagnostics. This effort is a
Multidisciplinary University Research Initiative (MURI) and is a collaboration between the
Chemistry and Aerospace Engineering departments. It is well known that hypersonic flight
conditions can result in non-thermochemical equilibrium (NTE) state of air, where the timescale
of reaching a single (equilibrium) Boltzmann temperature is much longer than the timescale of
the flow. As air travels over a hypersonic vehicle and through shocks, the translational and
rotational temperatures are excited rapidly to several thousands of degrees Kelvin, while the
vibrational temperature lags behind. This trend is due to the fact that vibrational energy transfer
requires orders of magnitude more collisions (typically 102 to 104) than translational or
rotational energy transfers, which require on the order of 10-100 collisions. Therefore, behind the
shock, the translational and rotational temperatures are much higher than the vibrational
temperatures. As the three molecular modes equilibrate, the translational and rotational
temperatures decay, while the vibrational temperature increases slightly. The equilibration
timescale is on the same order as the convective timescale of the bulk flow.

The present studies investigate the transfer of energy from the vibrational mode to the
translational and rotational modes. The NTE conditions have high vibrational temperatures
(~2000K) with cold translational and rotational temperatures (~300K). During equilibration, the
vibrational temperature decays, while the translational and rotational temperatures increase,
which is opposite to what is encountered in true hypersonic flight as the air passes through a
shock. The purpose of this experimental setup is twofold. First, it represents a real situation
where the post-shock equilibrated air experiences an expansion, causing the vibrational
temperature to freeze, and the rotational and translational temperatures to decay rapidly. Second,
the research is a fundamental study of vibrational energy transfer and cascade, where the manner
in which this energy cascade couples to flow properties is not well understood. In this research,
we expect that only a small amount (typically on the order of a few percent) of the total
molecules may exist in the excited vibrational states. However, the energetic spacing between
vibrational levels is larger (by roughly an order of magnitude) compared to rotational spacing. A
nontrivial amount of energy, about 10-20% of the total flow enthalpy, is therefore contained
within the vibrational mode, and this energy cascades into the flow, affecting flow properties
through the process of various vibrational-vibrational (V-V) and vibrational-translational (V-T)
energy exchanges between the flow species. It is then useful to model the V-V and V-T energy
exchanges to understand the mechanisms of the vibrational energy flow. In addition, chemical
reactions may take place on the timescale of these energy transfer processes, such that the
kinetics of these reactions must also be considered within the model. As a result, there has been
increased interest in the characterization of non-thermal equilibrium systems [e.g., see Cheng
(1995), Scalabrin (2005), Candler (1989), Osipov (2006), Roy (2006)].



At Texas A&M, the research is part of a larger effort in which the experimental data will serve as
a benchmark to which fluid dynamics modeling, such as that discussed in Bowersox (2008), can
be validated. The experimental research goals involve generation of the NTE encountered
during hypersonic flight in a controlled environment within the laboratory using two methods:
capacitively-coupled radio-frequency (CCRF) plasma discharge and laser photodissociation. In
both cases, the NTE conditions cause the molecules to exist in a highly vibrationally excited state
(thousands of degrees Kelvin), while maintaining “cold” (nearly room temperature, 300 + /- 10
to 30 K) rotational and translational temperatures (low temperature, low fluctuation). The NTE is
then characterized using a suite of optical diagnostics. The research is broken down into two
main categories: the application and adaptation of existing laser and optical techniques towards
characterization of NTE, and the development of new techniques which have been demonstrated
in an NTE flowfield, but may be extended towards a variety of flowfields. In Section 2, the
experimental hardware and diagnostics system will be described. To understand the vibrational
energy cascade in the post-CCRF flow, we include a brief section on vibrational Kinetics
modeling with comparisons to experimental N, CARS data. A computational study laying the
groundwork for NO PLIF measurements in low temperature, low fluctuation flowfields such as
those in the post-CCRF flow will be discussed with experimental validation. Section 3 will
describe the application of molecular tagging velocimetry (MTV) techniques for one and two
component velocity mapping in an underexpanded jet flowfield. Section 4 will describe NO
quench-free PLIF and Rayleigh scattering measurements in towards combustion systems
conducted at Sandia National Laboratories will also be discussed.

In summary, the research goals were: 1) generation of the NTE flowfield; 2) characterization of
the NTE flowfield using laser and optical diagnostics; 3) development of software and image
processing programs to acquire and analyze these data; 4) development of new molecular
tagging laser diagnostic techniques for single component and two-component velocity mapping
and application of laser diagnostic techniques towards combustion systems; 5) modeling and
understanding of the chemical kinetic mechanisms for vibrational decay in both CCRF flowfield
and NO, photodissociation studies 6) extension of laser diagnostics to research conducted at
Sandia National Laboratories towards combustion flowfields.
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2. EXPERIMENTAL HARDWARE AND FUNDAMENTAL STUDIES

2.1 Experimental Hardware

The experimental laser setup for the research at Texas A&M University consisted of a
combination of a Spectraphysics PRO 290-10 Nd:YAG laser, two Spectraphysics LAB 150-10
Nd:YAG lasers, and two Sirah Cobrastretch tunable dye lasers. Additional hardware included a
high-resolution 0.66 m, triple grating, SPEX spectrometer and an Oriel broadband spectrometer
(MS125 1/8m with LineSpec CCD detector). The SPEX spectrometer was fitted with an
electron-multiplying (EM) CCD (Andor, DU970N-BV). Two Andor iStar ICCD cameras (model
DH734, 16-bit) fitted with Nikon 105mm F/4.0 UV lenses were used for imaging NO PLIF. The
overall timing for the experiments was controlled by a digital delay generator (Berkeley
Nucleonics Corporation, model DG565). A schematic of the laboratory layout is shown below:

rdthermochemistry Laboratory at Texa A&M University
(schematic)

Fig. 1 National Ae

The diagnostic system is enclosed within the orange box situated in the center of the laboratory.
The subsonic, supersonic, hypersonic facilities, and diagnostics center are labeled A, B, C, and
D, respectively. The laser beams can be directed towards any of the flow facilities within the lab.
Calibration measurements and the molecular tagging velocimetry studies were carried out in a
portable vacuum chamber, shown below:
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Fig. 2 Portable vacuum chamber (digital photo)

Lastly, attention was given to the subsonic test section, which was designed to generate the
CCREF discharge. The subsonic test section was designed in Solidworks 2008. The following
considerations were taken into account: 1) the area around the plasma section must be made of
non-metallic materials; 2) optical access was required on 4 sides with flush mounted O-ring
sealed fused silica windows (so as not to disturb the flow); 3) the test section must be able to be
completely sealed for leak-testing; 4) the windows must be interchangeable incase of accidental
breakage; 5) the entire top and bottom walls (including the area surrounding the electrodes) must
be angled for a slight expansion down the length of the test section (~0.18°) to account for
boundary layer growth (room for adjustment was preferable); and 6) the entire structure must be
structurally rigid, especially since the test section would operate at ~20 Torr. This low pressure
was required to maintain the CCRF discharge. In this design, all of the pieces were machined of
aluminum except those in the vicinity of the plasma discharge region. The assembled test section
is shown in Fig. 3 with a closeup of the plasma discharge section is shown in Fig. 4. This region
was especially important and has several additional special design requirements: 1) the region
around where the plasma is discharged must be made of non-metallic, dielectric, high-
temperature resistant materials to prevent arcing and/or melting; 2) optical access must be
available as close to the copper electrodes as possible on all four sides for plasma diagnostics; 3)
the electrode tilt (pivot) must be adjustable to obtain an even plasma discharge across the width
of the test section; 4) the Macor section must also expand out to relieve the growth of the
boundary layer (~0.18°); and 5) the region must be leak-proof. Stress tests were conducted using
Solidworks to assure that the structure would hold rigid under the vacuum loads.
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Fig. 3 Subsonic test section assembled
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Fig. 4 CCRF plasma discharge in subsonic test section

2.2 Fundamental Studies
2.2.1. Fluorescence modeling using a multi-level model with comparison to experiment

The NO LIF measurements in this study were performed using transitions in the NO A-X (0,0)
and (1,1) bands. The rotational lines within these bands were identified by comparing measured
and simulated NO LIF excitation spectra. The simulated spectra were produced using LIFbase
(Luque, 1999). In addition, fluorescence modeling was carried out using the 2-level model,
which only accounted for a single ground and excited state, and a 5-level model which included
rotational energy transfer in both the excited and ground states (Lee, 1993). A diagram of this
model is shown below:

. 2 .. Ra2 3
Excited state m————— """ # e Rotational bath
" Ra
Dl A Qs
Ags, Q.
b‘% “a 5 v Alternate vibrational
level
P Ru . —4 ___otational bath
Pumped State = —t— o

Fig. 5 Five-level model for NO fluorescence

These models were important in assessing the level of saturation expected. For sensitive
rotational temperature measurements, it is important that the laser intensity was maintained in the
linear fluorescence regime (unsaturated). This was verified experimentally by varying the laser
intensity using a series of quartz plates, and observing the resulting NO fluorescence using both a
photo-multiplier tube (PMT) and an ICCD camera from the calibration cell filled with a known
concentration of NO. The calibration cell gas composition was typically 1% NO in Air or Na,
and the pressure was adjusted to match the pressure in the plasma test section (20-30 Torr) to
account for pressure shifting. The experimental results were then compared to both the 5-level
model and 2-level model, shown below. The simulations were conducted using Kintecus
software written by lanni (2008).
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Fig. 6 PMT and ICCD fluorescence linearity comparison with modeling

As seen above, the LIF measurements probing the NO R1(3.5) rotational line follow the
predictions of the 5-level model quite closely, demonstrating that rotational energy transfer is
important in modeling NO fluorescence. Modeling the fluorescence with a 2-level model reduces
the threshold of the onset of saturation, leading to an overly conservative estimate of onset of
saturation. From these results, it was determined that the laser energy must be 0.4 mJ/pulse or
less at the test section for accurate rotational temperature measurements.

2.2.2. Characterization of the CCRF discharge with comparison to vibrational kinetics
modeling

A vibrational kinetics model was used to simulate the effect of the CCRF discharge on the gas
flow. The model included the chemical species N2, Oz, H20, COz2, NO, and O. For Nz, Oz, and
NO, only the ground state and first excited vibrational states were considered. In total, there were
104 reactions (52 forward and reverse pairs) accounting for the vibrational-translational (VT)
and vibrational-vibrational (VV) energy transfers between the different species. The rate
constants for many of the reactions have multiple values cited in the literature, and the most
reliable (often the ones with the most experimental validation) were used in the model. The
vibrational decay model is shown in Tables 1, 2, and 3 with associated references.
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Table 1. Vibrational Translational (VT) energy exchanges considered for

vibrational kinetics modeling

VT reaction Forward Ref. Reverserate Ref. Rxn
rate constant constant #
Noy-y + Np==> N, + N, 413262 x10% Candler (2002) 52152x10% DB 1
Npy-1 + 0, ==> N, + O, 4.13262 x 10 Candler (2002) 52152x10% DB 2
Noy-; +NO ==> N, +NO  4.13262 x 10% Candler (2002) 52152x10% DB 3
Ny, + CO, ==> N, + CO, 5.2877 x 10°%° Bass (1980) 6.67286 x 10 DB 4
Ny + H,0 ==> N, + H,0 5.2877 x 10°%° Bass (1980) 6.67286 x 10 DB 5
Npy-y +O ==> N, + O 35x10% McNeal (1972) 4.41685x 10 DB 6
Opyt + Oy ==> 0,+ O, 5.77103 x 10%° Bass (1980) 3.01357x10% DB 7
Opurt Np ==> 0+ N, 5.58402 x 10 Bass (1980) 2.91592x10% DB 8
Osy-1 + NO ==> 0, + NO 6.54768 x 10%° Candler (2002) 341914x10% DB 9
Opu-1 + CO, ==> 0,+CO,  1.76896 x 10°° Bass (1980) 9.23734x10%* DB 10
Opu-1 + H,0 ==> 0, +H,0  4.08765 x 10°%° Bass (1980) 2.13453x10%® DB 1
Oy +0 ==> 0,+ 0 8.3x10™% Breen (1973) 433418 x 10" DB 12
NO,-; + NO ==>NO + NO 7.52x 10°% Kosanetzky (1980)  8.33612x 107 DB 13
NOy; + O, ==>NO + O, 2.58 x 10 Kosanetzky (1980)  2.85908 x 10*® DB 14
NOy=; + N, ==>NO + N, 1.30x 10°%6 Kosanetzky (1980)  1.44677x10% DB 15
NO,.; + CO, ==>NO +CO,  7.14522 x 10°'%¢ Tsang (1986) 7.92276 x 10 DB 16
NOy; + H,0 ==>NO+H,0  1.8329x10"*  Stephenson (1974)  2.03236x 10 DB 17
NOy-; +O ==>NO + O 2.4x10 Dodd (1999) 2.64847 x10%° DB 18
H,O10) + H,O0 ==>H,0 +H,0 550 x 107! Finzi (1977) 2.67578x 10 DB 19
H;0010)+ N ==>H,0+ N,  4.99009 x 10 Bass (1980) 2.42771x 10" DB 20
H,O10 + O, ==>H,0+ 0,  4.99009 x 10°* Bass (1980) 242771 x 10" DB 21
H,0010) + NO ==>H,0+NO  5.92126 x 10 Palmer (1993) 2.88073x 10" DB 22
H,0(010) + CO, ==>H,0 + CO, no data no data 23
H,0(010)+ O ==>H,0 + O no data no data 24
COy 0 + CO, ==>CO,+CO,  6.81x10%°  Huetz-Aubert (1971)  9.00134x102° DB 25
COy 010y + CO, ==>C0O, +CO,  5.24x 107 Bass (1980) 2.15724x 10" DB 26
CO00ny+ Np ==>CO,+ N,  1.85802x10™°  Huetz-Aubert (1971)  2.45491x10% DB 27
COu0n + 0; ==>CO,+ 0,  3.19348x10™°  Cannemeyer (1973)  4.21938x10% DB 28
COy00+ N; ==>CO,+ N,  3.16276 x 10™° Bass (1980) 1.30217 x 10 DB 29
COy0)+ O, ==>CO,+ O,  4.20879x 10™° Bass (1980) 1.73284x 10 DB 30
COp 00y + NO ==>CO, +NO  2.46976 x 10" Bauer (1986) 3.38726 x 10 DB 31
COy 00y + O ==>CO, + O 1.9465 x 103 Cramp (1973) 257181 x10% DB 32
COs 001 + HoO ==>CO, + H,0  1.01586 x 1072 Bauer (1986) 1.39325x 107 DB 33
COz 010+ O ==>CO, + O 3.00 x 10 Castle (2004) 1.23516 x 10** DB 34
COy010) + H0 ==>CO,+H,0  2.03x10™ Bass (1980) 8.35671x 10 DB 35

Note: DB refers to rate constants calculated via detailed balance, all rate constants are bimolecular rates
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Table 2 Vibrational Vibrational (V-V) energy exchanges considered for
vibrational kinetics modeling

VT reaction Forward Ref. Reverse rate Ref. Rxn#
rate constant constant
Npy=s + Op ==> Opyeg + Ny 7.58 x 10718 Bass (1980) 1.83067 x 10 DB 36
Nyy-: + NO ==> NO,; + N, 1.04x 10%° Candler (2002) 1.18432x10% DB 37
NO,-; + O, ==> 0y, + NO 1x10% Ree (1993) 2.1234x10%° DB 38
N, + COj 0 ==> Npy-1 + CO, 511x10™ Bass (1980) 535359 x 10 DB 39
N, + H,0010) ==> Npy=q + H,0 1.31x 10 Zuckerwar (1987) 5.04275x10%° DB 40
Opy-1 + CO, ==> 0, + CO, 010, 6.66 x 10°%° Bass (1980) 84456 x 107 DB 41
Opu=1 + H,0 ==> 0, + H,0(010 2x10%? Joly (1977) 2.1467x10%? DB 42
NO,-; + CO, ==> NO + O, (019 no data no data 43
NO,; + H,0 ==> NO + H,0(10, 1.1x10™" Palmer (1993) 250218 x 10 DB 44
CO, + H,0(010) ==> COyp 010+ H,O0  no data no data 45
Npy-1 + CO, ==> N, + COj 010, 3.27x 10" Zuckerwar(1987)  1.00232x10%® DB 46

Note: DB refers to rate constants calculated via detailed balance, all rate constants are bimolecular rates

Table 3 Chemical reactions considered for vibrational kinetics modeling

Chemical Reaction Forward Rate Ref. Reverse rate Ref. Rxn#
constant constant
NO,-; + NO, ==> NO + NO, 2.0000 x 10*?*  Dodd (1999) 2.2000 x 10 DB 47
Heimerl

0,+0==>0; 5.9200 x 103 DeMore (1997)  4.3800 x 102%  (1979) 48
Atkinson

NO + 0 ==> NO, 9.9925 x 102 (2004) 1.0000 x 102 (estimated) 49

0+0==>0, 1.0500 x 10%¢  Tsang (1986) 1.0000 x 10°*  Tsang (1986) 50

0 +NO, ==> NO,; + O, 9.5000 x 10*?*  Dodd (1999) no data 51
Atkinson

2NO + O, ==> 2NO, 2.0000 x 10°%°  (2004) 2.9400 x 10°®  Tsang (1991) 52

Note:  unimolecular rate constant, ® bimolecular rate constant,  termolecular rate constant

Six chemical reactions were considered, and included recombination reactions such as forming
0,, O3, and NO, (amongst a few others). In addition, sensitivity analysis was conducted to assess
the effect of humidity and CO,. Although the mole fractions of these species may be small, they
are significant because the vibrational relaxation of O2, N2, and NO with these molecules is
rapid, and their presence must be taken into account in the vibrational kinetics decay modeling.
The model was executed with initial vibrational temperatures for N, O,, and NO of 1700K,
800K, and 2000K, respectively. These temperatures were calculated using electron cross sections
gathered from the literature for plasma conditions similar to ours.

Without the presence of H,O or CO,, the calculated lifetimes of the vibrational temperature
decay for N, O,, and NO were 0.17 s, 0.13 s, and 350 ps, respectively. The very short lifetime of
NO was mainly driven by the fast kinetics for V-V and V-T energy exchange. For example, the
V-T energy exchange for NO with other species was 5 orders of magnitude faster than the V-T
rates for O,, and 10 orders of magnitude faster than those for N,. Within the V-T rates for NO,
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the exchange was much faster for NO with O, (2.58 x 10™** cm®molecule/s) than with N, (1.30 x
10*® cm®molecule/s). NO V-V rates showed a similar trend, with energy exchanges with O,
about 2 orders of magnitude faster than with N,. The lifetimes of O,, and N, were both long
compared to that of NO, with O, being slightly shorter (0.13 s) than N, (0.17 s). This trend
resulted from the combined effect of faster V-T and V-V rates for O, as compared to N, with
other species. V-T energy exchanges between O, and the main species of the flow (N,, O, and
NO) were all on the order of 10™® cm*/molecule/s (reactions #7-9), while the same exchanges for
N, were extremely slow (reactions # 1-3). The forward rate of V-V transfer from N, to O,
(reaction #36) was an order of magnitude faster than its reverse counterpart, which was due to
the vibrational energy spacing differences. As a result, N, vibrational energy is rapidly
transferred to O,. The V-V exchange for O, with NO (reaction #38) was about 4 orders of
magnitude faster than reaction #36. Consequently, O, dumps available vibrational energy into
NO, which then very rapidly undergoes V-T energy exchanges and decays to the ground state.
The resulting energy flow is a cascade from N, to O, followed by transfer to NO.

The chemical reactions played an insignificant role in the vibrational energy decay since there
was no dissociation (formation of O atom) within the plasma and three body recombination of
NO with O, to form NO, was extremely slow at 30 Torr. However, at higher pressures, reaction
#52 could become important and reaction #47 may compete with V-V and V-T exchanges. In
addition, the reverse of reaction #47, referred to as a chemical feed reaction in Dodd (1999),
regenerates vibrationally excited NO, and would directly affect the vibrational decay of NO, as
well as indirectly affect O, (and N, to a lesser degree).

The mechanisms through which H,O and CO, impart their effects on the flow differ. The effect
of H,O is felt immediately by all species, mainly through its extremely fast V-T exchanges with
the vibrationally excited diatomic species. The effect of CO,, on the other hand, is felt through
the fast V-V and V-T exchange with vibrationally excited N,. Although V-V exchange rates for
CO, with NO and O, are unavailable in the literature, they are thought to be slow compared to
the energy exchange with N, since vibrationally excited N, and CO, (001) are very close
energetically.

The RF plasma in the subsonic facility was characterized for the following properties: 1) species
identification using broadband emission spectroscopy, 2) rotational and vibrational temperature
(of the electronically excited states) of N, using narrowband emission spectroscopy, 3)
vibrational temperature of the electronic ground state of N, using CARS with comparison to the
vibrational kinetics modeling. The narrow emission spectra centered on the second positive
emission bands of N, was fit with a theoretical spectra provided by DeJoseph (2008) and is
shown below. Broadband emission spectra lacked any indications of dissociation. Therefore, the
experimental emission data verified that the plasma imparted only slight gas heating (35 +/- 3 K)
with negligible molecular dissociation.
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Fig. 7 Narrowband emission spectra of the N, second positive band

Emission data only provide the rotational and vibrational temperature of the electronically
excited state (the N, C state, in this case). While the rotational temperature is representative of
the bulk flow, vibrational temperatures in the electronically excited states are not easily coupled
to the ground state and cannot be used to infer a ground state vibrational temperature. In
addition, the vibrational temperatures for each of the chemical species may differ by several
hundred degrees. N, CARS data was obtained by using a planar boxcars configuration at several
locations downstream of the CCRF plasma. The N, vibrational temperature of the electronic
ground state was calculated by fitting the measured CARS spectra to theoretical spectra
produced with CARSFIT, a program developed at Sandia National Laboratories [Palmer (1989)]
and provided by Roger Farrow (Sandia CRF). The simulated spectra used a rotational
temperature of 335K, which was determined from the emission data. The fit of the experimental
CARS data to the CARSFIT simulations was quite good. The vibrational temperature of N, as
measured via CARS at a location of 1 in. downstream of the plasma was 1600K. The value
within the plasma was expected to be slightly higher and close to 1700K, which was the value
predicted via electron cross sections. For comparison, the vibrational temperature from the
emission data, which directly measures the vibrational temperature of the N, C state, was
approximately 2900K. Therefore, the vibrational temperature of the N, C state is clearly not
equal to the vibrational temperature of the N, ground state. Continuing efforts are focused
towards installation of a dual-pump CARS system to probe both N2 and O:2 vibrational
temperatures concurrently [Lucht (1987) and (2003)].

2.2.3. Development of software for processing NO PLIF data

As mentioned before, the plasma is expected to induce rotational and translational temperature
fluctuations of +/- 35 K in a 300K flow. The goal is to detect these small fluctuations using NO
PLIF, a challenging task; literature using NO PLIF for such high precision temperature
measurements has not been found to date. In order to detect these extremely small fluctuations,
the inherent noise on the fluorescence images must be suppressed. The most straightforward way
to accomplish noise suppression is through Gaussian smoothing of the PLIF images. However,
image smoothing reduces the spatial resolution of the measurements and must be used sparingly
in order to avoid damping out true temperature fluctuations in the flow. Therefore, it becomes
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challenging task to preserve the true and very small temperature fluctuations that occur in the
flow while damping the noise in the images. The two main sources of noise are high-frequency
noise (originating from shot, dark, and readout noise), and low-frequency noise (originating from
laser beam profile inhomogeneity).

Computer simulations of the noise in the NO PLIF images were used to develop an image
analysis scheme that minimized the effects of noise while preserving temperature fluctuation
structures of a only few percent about the mean temperature. The computer based study was
followed by experimental validation. Synthetic fluorescence images were generated using noise
levels and dimensions of the experimental images. Typical “pockets” of temperature fluctuations
were inserted into the images. The size of the largest structures was estimated to be about 1/8”
according to the mesh size of the turbulence generating grid that was located upstream of the
plasma. At a typical ICCD spatial resolution of 50-75 pixels/mm, this corresponds to 150-240
pixels. In order to resolve smaller turbulent structures, the size of the structures for the computer
based experiment was set at 5 pixels (66 pum). The goal of the computer-based experiment was to
test the synthetic images with a barrage of noise-suppression techniques to judge their
effectiveness towards recovery of the true temperature map.

The rotational temperature is derived from taking the ratio of the two fluorescence images, where
the images are obtained by probing two different rotational lines of NO. Then, the ratio of the
images is related to the rotational temperature of NO (and subsequently the bulk flow since
rotational energy exchange is rapid) via the Boltzmann equation:

5., | (o], 4y 1) =S
R=-2=C,f,, where f,=| e "™ gc M
Sh | (24,"+1)

Where R is the ratio of fluorescence signals, Sy, and Sy, at a particular pixel. Cy; is a calibration
constant, an Fg is the ratio of the Boltzmann populations of the probed states, and is a function of
the energy differences between the probed states (AE), the degeneracy of the probed rotational
states (2J+1 term), the Boltzmann constant, and the temperature (T). The vibrational temperature
used for these experiments was 300K, since the vibrational temperature decay of NO was
expected to be very fast downstream of the plasma. The vibrational kinetics model predicted that
the temperature decayed to 300K within 1 in. of the plasma. This was verified experimentally by
probing for vibrationally excited NO downstream of the plasma. The figure below shows a
typical simulated NO PLIF image pair used for the computer based study:
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Fig. 8 NO fluorescence synthetic image generation

Notice that all the “temperature information” is contained in the image on the left. This
assignment was arbitrary. The ratio of the two images was set to give a resulting temperature
map with a mean temperature of 300 K, with temperature fluctuations of +/-10K. As previously
mentioned, the size of the structures was set at 5 pixels and were randomly distributed
throughout the image. The images were then masked with typical levels of high and low
frequency noise. Figure 9 shows sample simulated NO PLIF images with added noise.

v

er noise application

As can be seen from the image, these corrections nearly masked the original structure of the
flow. The goal of the image analysis software experiment was to recover the true temperature
map as accurately as possible through noise suppression techniques. The image pair was
processed using a variety of commonly used corrective procedures. Exploration of how the
following image processing procedures affected uncertainties of the resulting NO PLIF
temperature map was conducted:

As can be seen from the images, the addition of noise masked the original structure of the flow.
The goal of the image analysis was to recover the true temperature map as accurately as possible
through noise suppression techniques. The image pair was processed using a variety of common
corrective procedures. Exploration of how the following image processing procedures affected
uncertainties of the resulting NO PLIF temperature map was conducted:
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1. “Tightness” of the banding correction. In order to correct for the vertical banding in the
images, the image was integrated in the vertical direction to obtain one banding function. This
function was then smoothed by a running average of a number of pixels; this number of pixels
was a variable in the analysis and is referred to as the “tightness” of the banding correction. The
image was then normalized by dividing each row by the banding function.

2. Gaussian filtering of the images. This was the equivalent of applying a lowpass filter to the
images. We explored Gaussian filters with a number of kernel sizes, as well as not filtering the
images at all.

3. Choice of rotational lines. This choice is an important variable since choosing a pair of
rotational lines with a larger energy difference decreases temperature uncertainties, but gives
inherently noisier images due to lower population of the higher rotational line. This tradeoff was
explained in detail in McMillin (1993). For this analysis, J=3.5 was maintained as the lower
rotational lines, and the higher rotational lines was varied from J=5.5, 10.5, 14.5, 15.5, 16.5, and
19.5.

These corrections were applied, and the resulting T,ns was determined. T.ns refers to the
uncertainty of the measurement, and was determined by subtracting the true temperature map
from the derived map. The effects of banding tightness were intuitive; as the number of pixels in
the smoothing kernel was increased, the amplitude of the banding function decreased, and the
image was under corrected for the banding. This under correction caused inherent errors which
were manifested in hot and cold bands (from 315 to 285K) in the temperature map. In fact, the
temperature map is extremely sensitive to the banding function; a few percent errors (3-4%) in
banding function correction cause the temperature to swing in the range of +/- 20K. The study on
banding tightness showed that the smallest possible smoothing kernel should be used in order to
fully capture the variations of the laser beam profile.

Gaussian smoothing significantly decreased the noise. Even minimal 2x2 and 3x3 smoothing
(where 2x2 refers to the dimensions of the Gaussian kernel) decreased the uncertainties by
factors of 2 and 3, respectively. The Gaussian smoothing was most beneficial where T,ms was
lowest, and corresponded to a Gaussian kernel of 5-7 pixels point represented the optimal trade-
off between uncertainties and resolution. At this point T,y reached a very low <1%. At these
measurement uncertainty levels, real temperature fluctuations on the order of 3% (300+/- 10 K)
were easily distinguished. Generally, it was found that Gaussian smoothing with a kernel on the
order of the structure size led to the lowest temperature uncertainties, known as the theory of
matched filters. This theory was tested with a similar set of images with larger structure sizes (10
pixels instead of 5), and verified. Since the size of the smallest turbulent structures in the
experiment was not known a-priori, the images were smoothed with a kernel that was equal to
the width of the laser sheet. The spatial averaging within the image was thus comparable to the
out-of-plane averaging. Using a razor blade and photodiode, we measured a laser sheet width of
150 pum, which corresponded to about 10 pixels on a full resolution image.

It was seen that T,ms decreased as the rotational energy spacing was increased, as expected. The

higher rotational states that give an uncertainty of less than 2% include J=14.5, 15.5, 16.5, and
19.5. The NO LIF spectra simulated using LIFBASE showed that J=14.5 was somewhat close to
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the R21 branch and was discarded as an option. From McMillin (1993), a good starting point is
to begin with a pair of lines where the spacing is approximately equal to kT (208 cm™).
However, past experiments using J=3.5 and 10.5 (AE=165 cm™) gave much too large
temperature uncertainties of ~10%. Therefore, it was decided that J=3.5 and J=16.5, which gave
Tms Of <2% and <1% at 2 and 5 pixel Gaussian smoothing, was an appropriate pair of lines to
begin the NO PLIF temperature measurements.

The corrections mentioned in the above paragraphs were then implemented into a MATLAB-
based GUI software. To test the validity of the image processing software in producing
acceptable levels of temperature uncertainty, experiments were conducted in a slow uniform,
300K, air flow with seeded 1% NO. 280 images were acquired; a typical experimental
fluorescence image pair is shown below:

iy

Fig. 10 Experimental NO forecence image pair proing'J:S.S (Iéft) and J=16.5 (right)

The images were warped to equivalent fields of view via a dotcard, the corners of which are
denoted by red crosses. The images were then processed, and the resulting mean temperature and
Trms Maps are shown:

e

F'ig.' 11 E'xpérir'ne'ntall rﬁean f’-éfnperature (left) an rms (right) maps
The plot of T showed a very uniform, 300K map, as expected. The T;ns map showed that the

image processing was successful in producing measurement uncertainties of <5K, or <2%. In
addition, the uncertainties reflected the laser energy distribution; uncertainties were lowest
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(<1%) in areas of maximum laser energy, and greatest (~1.5%) near the edges of the field of
view (where the laser energy decreased to about 2/3 of the maximum energy).

In summary, the application of PLIF towards flowfields with temperature fluctuations of a few
percent (300 +/- 10K) was explored. The effects of banding tightness for beam-profile
corrections, Gaussian smoothing for noise reduction, and rotational line pair selection were
explored via computer simulations. It was concluded that a small banding tightness value,
combined with Gaussian smoothing with a kernel on the order of the size of temperature
fluctuation structures, and a rotational line pair selection of J’=3.5 and 16.5 were appropriate
starting conditions. These conditions were applied towards an experimental, uniform air flow
seeded with 1% NO. Resulting measurements of T and T.ms supported the image processing
conclusions and gave Tms <1.5%, or Tims <5K, making resolution of true temperature of 300 +/-
10K (or greater) possible.
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3. UTILIZATION OF NO, PHOTODISSOCIATION FOR ONE AND TWO
COMPONENT VELOCITY MAPPING

3.1 Single Component Molecular Tagging Velocimetry

Molecular tagging velocimetry (MTV) measurements were performed by tracking the movement
of NO molecules in time with NO PLIF imaging. The technique was demonstrated in an
underexpanded jet, which is a well-known flowfield, and whose velocity fields can be simulated
via CFD for comparison to experiment. The NO molecules were generated by photodissociating
NO,, which was seeded into the flow. The photodissociation of NO, at 355 nm produces both
ground and excited vibrational states of NO. The ratio of the population of the nascent NO in the
ground state to the vibrationally excited NO, NOy=0:NOy=; has been experimentally determined
to be 60:40 [e.g., see Hunter (1993), Brookes (2007), Harrison (1994)]. In the single component
MTV study, the flowfield was interrogated by “writing” a line of NO with a photodissociation
laser beam (355 nm), and the location of the NO was probed at two times (At = 400 ns) using
two laser sheets that excited LIF in the NO gamma band. The streamwise velocity was
determined by measuring the displacement of the photodissociation line and dividing by the time
delay between the two NO PLIF measurements. The photodissociation beam was translated to 16
locations to measure the streamwise velocity across the entire flowfield.

To determine the optimal NO LIF excitation scheme, we compared the signal-to-noise ratios of
NO LIF measurements using excitation of transitions in the NO (1,1) band near 224 nm and the
(0,0) band at 226 nm. In the A?Y; (v'=1)« X?I1,,(v"=1) band, the rotational states probed for

the first and second probe lasers were R;+Q,1(1.5) and the group of lines at the bandhead
surrounding Qs (1.5), respectively. The experiment was then repeated, except NO,=o was probed
instead of NO,;. Both lasers probed the R;+Q,;(2.5) rotational states in the
A3, (v'=0) « X *I1,(v"=0) band.

Our experiments emulated flow systems with naturally occurring NO, such as a combustion
flowfield, by seeding NO into the flow. The naturally occurring NO produces a background LIF
signal that must be distinguished from that of the photolytically produced NO. The flowfield
that was examined for demonstration of the velocity mapping was the axially symmetric highly
underexpanded jet. The terminology that will be used in this study was referenced from
Woodmansee (2004). The structure of the highly underexpanded jet is well known [e.g., see
Donaldson (1971)]. Typical images resulting from photodissociation of seeded NO, and
subsequent probing of the NO (1,1) band (left) and the NO (0,0) band (right) are shown below at
several photodissociation locations.
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Fig. 12 NO fluorescence images resulting from probing NO (1,1) (left) and NO (0,0) (right)

Simply from visual assessment of the raw images, it is clear that the images probing NO (0,0)
suffer from background NO fluorescence. The photodissociated NO is clear in both cases,
although the NO (1,1) excitation provides much larger contrast and hence better signal to noise.
The resulting compiled streamwise velocity map from the NO (1,1) images is shown below:
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Fig. 13 Single component (streamwise) velocity map

The photodissociation of NO, at 355 nm produces a spatially localized non-thermal (NO Ty, =
7000K) equilibrium population distribution of NO, and the NO T, decay can be temporally
tracked via the Boltzmann relation. Although the rotational and vibrational temperatures differ
in this non-thermal equilibrium system, the populations within the rotational and vibrational
manifolds are distributed according to a Boltzmann distribution. Therefore, each manifold can be
described by a Boltzmann temperature. Examples of such non-thermal equilibrium flows
include plasmas and hypersonic re-entry. This experiment requires that the (1,1) and (0,0)
transitions from a single photodissociation event are probed nearly simultaneously. The images
are taken at a given time (in steps of us) after the photodissociation event and are then ratioed on
a pixel-by-pixel basis in a manner analogous to that used in the calculation of rotational
temperature. The resulting image is a map of the NO Ty, A series of images were taken at
different times after photodissociation and the centerline vibrational temperatures were compared
to kinetics simulations with excellent agreement. The model was sensitive to the quenching of
vibrationally excited NO by O atom formed through the photodissociation of NO,. However,
even with the effect of O atom quenching, NO,-; existed in moderate quantities for tens of pus.
The effects of thermal decomposition of NO; (relevant to combustion flowfields) and diffusion
were examined. Single shot image analysis yielded streamwise velocity (1c) uncertainties of 5%.

3.2 Two Component Molecular Tagging Velocimetry

As discussed in the previous section, MTV has been applied using both single-line and grid
techniques. The single-line techniques provide only one component of velocity, while the grid
techniques give two components of velocity in the laser plane by observing the warping of the
grid, i.e. the movement of the intersection points of the grid. Gaseous grid studies for two-
component velocimetry are exceedingly rare in the literature and limited to only a few studies
using biacetyl [Ismailov (2006), Stier (1999)] and OH [Ribarov (2004). The present experiment
examines the application of MTV towards two-component velocimetry in a variety of quenching
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environments and compares the advantages and disadvantages of the MTV techniques. The
technique relies on the formation of two co-planar, perpendicular laser sheets into a grid, and the
tracking of the grid via imaging onto ICCD detectors. The velocity is determined by calculating
the displacements of the grid intersection points and dividing these values by the time delay
between the two images. Two types of MTV will be explored. The first approach, referred to as
the fluorescence lifetime technique, uses LIF detection of NO that is seeded into the flow. Both
the initial and time delayed images are recorded during a single fluorescence lifetime using a
two-laser, two camera setup. The two lasers are pulsed simultaneously to increase the signal-to-
noise ratio of the NO LIF measurements. The ability to detect the fluorescence signal in the
time-delayed image depends on the fluorescence lifetime, which is a function of the local
guenching rate. In the second MTV approach, referred to as the photodissociation technique,
NO is produced by photodissociation of seeded NO2, which is then probed using two temporally
separated lasers for the initial and time delayed LIF measurements. This approach requires a
three-laser, two camera setup. Since two separate probe lasers are used, there was no concern of
fluorescence lifetime and thus this technique should be less susceptible to quenching effects. The
advantages of the two MTV approaches in different quenching environments will be examined.
The study represents the first known application of molecular tagging velocimetry utilizing either
the fluorescence lifetime or photodissociation technique towards two-component velocity
mapping. Three quenching conditions were run with the two MTV techniques: 1) Low
quenching, fluorescence lifetime, 2) High quenching, fluorescence lifetime, and 3) High
guenching, photodissociation. The resulting images from the three conditions are shown below.
The first, second, and third conditions are shown in the left, middle, and right panels,
respectively. The raw (grayscale) images are shown, where the time delay between the two
images used for the velocimetry analysis was 400 ns. The resulting calculated two-component
velocity maps are shown below the grayscale images and are deconstructed into streamwise and
radial component maps.

Low quenching: High quenching: High quenching:
0.01 NO 0.05 NO 0.05 NO,
Balance N, 0.10 0, 0.20 0,
Balance N, Balance N,
Tagging technique: Fluorescence lifetime Tagging technique: Fluorescence lifefime Tagging technique: Photodissociation

Time delayed image Initial image Time delayed image
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Fig. 14 Two-component velocity mapping results in varying quenching conditions

28



From these data, the following conclusions were drawn:

1) In low-quenching, high-speed flows, the fluorescence lifetime technique yields excellent
recovery of velocity vectors in all areas of the flow (left panel).

2) In high-quenching conditions where the fluorescence lifetime is shortened, and
particularly in low-speed flows, this technique is limited (middle panel) resulting in lost
velocity vectors near the nozzle and in the subsonic area following the Mach disk

3) Use of the NO; photodissociation technique circumvents the quenching problem via the
long lifetime of the NO photoproduct (tens of ps), and may be used in high-quenching
and either low or high speed flows (right panel).

The two-component technique produced velocity maps which matched CFD simulation results,

T

Fig. 15 Comparison of experimental two-component velocity maps to CFD

as shown below:
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The streamwise and radial velocity maps had a maximum spatial resolution of 1 velocity vector
per 270 um x 270 um. Typical resolutions were approximately 1 velocity vector per 400 um X
400 um. Resolution was limited by the amount of smoothing applied to the raw images, which
was directly limited by the signal to noise ratios of the NO LIF measurements. Single shot
analyses of the photodissociation technique yielded relative uncertainties of ~5% and were
primarily limited by signal to noise. Large fluctuations in the vicinity of the Mach disk were due
to shot-to-shot fluctuations in the location of the Mach disk and were inherent to the nature of the
flow. Since the calculated NO:2 photodissociation fraction was greater than 99.9%, the
uncertainties could be improved by either increasing NO2 number density (followed by a
subsequent increase in photodissociation laser intensity), or by increasing probe laser energy.
One way to increase velocity resolution (and also decrease uncertainties) which would have an
especially large effect in the subsonic region would be the adaptation of the velocimetry code to
give sub-pixel resolution.
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4. QUENCH-FREE NO LIF MEASUREMENTS AND LASER
RAYLEIGH SCATTERING MEASUREMENTS AT SANDIA'S
CRF

4.1 Quench - Free NO LIF Imaging

Laser-induced fluorescence is an extremely powerful and widely used diagnostic technique.
However, collisional quenching complicates the conversion of laser-induced fluorescence signals
to species concentrations because the quenching rate varies with the local temperature and
composition. The idea of this diagnostic technique is to perform laser-induced fluorescence
measurements on a timescale that is shorter than, or comparable to, the time between molecular
collisions and thus eliminate the effects of collisional quenching. For gas-phase flows at
atmospheric pressure, this technique requires sub-nanosecond laser pulses and detector gating. A
picosecond distributed feedback dye laser is used for LIF excitation, and a fast-gated intensified
CCD camera is used for detection.

Research conducted at Sandia National Labs’ CRF in June of 2007 with Jonathan Frank, Ron
Sigurdsson, and Carl Hayden involved the characterization of a fast-gated ICCD camera
(LaVision Picostar), and the application of this camera towards quench-free NO PLIF
measurements.  The fast gating of this camera enables detection of the initial fluorescence
signal, before the effect of quenching was manifested. The use of a shorter intensifier gatewidth
reduces the effects of quenching, albeit with less signal. It is therefore important to measure the
width of the intensifier gate and the dependence of the intensifier’s throughput with gatewidth.
The intensifier gatewidth was measured by illuminating the photocathode with 100 fs pulses
from a doubled Ti:Sapphire laser and stepping the time delay between the laser pulses and the
intensifier gating. At each time delay, the signal was averaged over multiple laser pulses and
recorded. The mean signal over the central region of the intensifier is shown in Fig. 16 as a
function of the time delay between the laser and intensifier gate.
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Fig. 16 LaVision Picostar intensifier gatewidths measured using ~100 fs pulses
(doubled Ti:Sapphire laser)
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The intensifier gatewidth measurements indicate that at longer gating times (1000 ps or greater),
the shape of the gate is nearly square, as expected. However, as the gating times decreased, the
gate became less ideal. In addition, the peak signal decreased as the gating time was decreased.
For an 80 ps gatewidth, the peak intensifier throughput was reduced by approximately 50%.

The quench-free technique was demonstrated using NO LIF measurements in a two-channel flow
with each channel having a different quenching environment. The experimental configuration is
shown in Fig. 17. Oxygen is an efficient quencher of NO fluorescence, and the quenching rates
of the two channels were set by using different concentrations of O, and N, as buffer gases. The
buffer gas in each channel was seeded with 20 ppm of NO. A distributed feedback dye laser
(~100 ps pulses, 0.8 mJ/pulse at 10 Hz) was used to probe the A-X(0,0) band of NO at 226 nm.
The decay times of the NO LIF signals were measured using an MCP photomultiplier tube and a
digital oscilloscope with 6 GHz bandwidth. The NO fluorescence lifetimes in the two channels
were 1.2 ns and 4.3 ns. These measurements were performed in collaboration with T. Settersten
(Sandia). An example NO fluorescence image of the two-channel flow is shown in Fig. 18
where the channels on the left and right represent the low and high quenching conditions,
respectively. The normalized LIF signal is shown below the fluorescence image for different
intensifier gatewidths. For a 3 ns gatewidth, the LIF signals in the two channels differed by
approximately 50%. As the intensifier gate was decreased, the discrepancy between the
fluorescence signal in the low and high quenching channels was reduced, indicating the
decreased effect of quenching. For a 200 ps gatewidth, the LIF signals in the two channels
differed by only 18%. These results demonstrate the effectiveness of this technique for reducing
the impact of collisional quenching on LIF measurements. This approach is particularly valuable
for flows with large variations in quenching rates, such as flames.

Fig. 17 Experimental configuration for quench-free NO LIF imaging
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Fig. 18 Two-channel NO LIF images in different quenching conditions

4.2 Laser Rayleigh Scattering Measurements in Turbulent Jets

In the summer of 2008, measurements of dissipative structures in turbulent non-reacting jets
were performed at Sandia’s CRF with Jonathan Frank. This work was motivated by previous
studies at Sandia on dissipative structures in both jet flames and non-reacting jets. Two of the
goals of this research effort are to understand the effects of heat release on turbulence and to
provide experimental data sets for developing accurate large eddy simulations (LES) in
collaboration with Joseph Oefelein (Sandia). The new set of experiments extended previous
measurements to higher Reynolds number jet flows. The results will be used to understand the
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dependence of turbulence structures on Reynolds number and to investigate whether the fidelity
of LES improves with increasing Reynolds number. In LES calculations, there is a fundamental
assumption of scale separation for the energy and dissipation spectra. The small scales on which
mixing takes place are assumed to be independent of the large scale turbulent motions.
However, this assumption is not valid at low Reynolds numbers and may not be applicable to
many laboratory scale turbulent flows and flames.

Highly resolved laser Rayleigh imaging was used to measure the fine-scale turbulence structures
in a non-reacting propane jet issuing into ambient air. Previous measurements of similar jet flows
were performed at Reynolds numbers of 22,000 and below, and the new measurements
investigated Reynolds numbers of > 90,000. Challenges of the flowfield included resolution and
reduction of noise requirements for detecting small turbulent structures, filtration of
particles/droplets out of the flowfield, and pressure/flow limitations for achieving high Reynolds
numbers. The turbulent non-reacting propane jet issued into air from an 8 mm diameter nozzle
with a tapered edge. A frequency doubled Nd:YAG laser (~800 mJ/pulse at 532 nm) was used to
excite Rayleigh scattering, and the resulting scatter was captured onto a CCD camera (Cooke,
Inc.). A beam profiling camera (Cooke, Inc) was used to correct the images for shot-to-shot
variations in the laser beam profile. Two parallel mass flow controllers (500 sIm each, MKS)
were used to increase the available mass flow rate of propane, and multiple filters were used to
reduce particles in the flow. Images were collected at 3 downstream locations (x/d of 2, 10, and
20), shown below (left panel). The locations of the measurements are shown overlaid on an
image of the jet flame for visual reference. Sample shots of the Rayleigh scattering images from
the non-reacting jet at Re = 90,000 and Re = 22,000 (previous measurements) are shown in the
top right and bottom right panels:
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Fig. 19 Turbulent jet (left) and sample images at Re=90,000 (top right) and Re = 22,000
(bottom right)

As seen from the images, the higher Re results in smaller turbulent structures, many of which
occur near the resolution limit of the imaging system. Despite efforts to filter out particles, the
higher Re number flow contained some particles or droplets, which must be removed through
image processing. Lastly, laser beam steering is exacerbated in the high Re flow, as shown by
the stripes in the image. Routines were written in IDL to remove particles/droplets via edge-
finding and linear interpolation. A sample of raw and processed images are shown below with a
closeup showing the correction of a sample particle.
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Fig. 20 Image processing for particle/droplet removal: raw (left) and processed (right)

Although the corrections worked well on the majority of the images, about 5% of the images
could not be corrected and were discarded. Problems in the correction algorithm included the
false identification of particles due to steep gradients in the signal from beam-steering and sharp
transitions in mixture fraction. In addition, particles that did not have sharp edges but rather
appeared as a “glow”, were not identified.

The mixture fraction and scalar dissipation were calculated from the corrected Rayleigh
scattering images. To investigate the distribution of dissipation with spatial frequency, we
calculated the mean power spectral density (PSD) at each measurement location using 600
images. The spatial frequency corresponding to 2% of the peak power spectral density is a
cutoff frequency above which there is less than a 2% contribution to the mean dissipation. A
sample PSD is shown below with the cutoff frequency indicated. The PSD without noise
suppression is displayed as the black line. At high spatial frequencies, the noise produces an
apparent dissipation that overwhelms the measurement. However, interlacing can be used to
suppress the noise and provide a good measurement of A; (red line). In the example below, A is
determined to be about 1.8 mm™, corresponding to structures about 500 pum in size.
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Fig. 21 Noise suppression through interlacing to determine the cutoff frequency, A
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Figure 22 shows the measured PSDs and values of A at an axial position of x/d=20 for
Re=22,000 and for Re=90,000. The different colors represent different radial positions from the
jet centerline. At Re=22,000, the cutoff frequency was approximately 280 pum, and could be well
resolved. In the higher Reynolds number flow, the dimensions of the fine-scale turbulent
structures approach the resolution limit of the imaging system, and the cutoff frequency is
located near the noise limit of the PSD. Scaling laws predicted that at Re = 90,000 the cutoff
frequency should be on the order of 100 pm, and the measured cutoff frequency was
approximately 120 um. A detailed analysis of the Reynolds number dependence of the
dissipation field is ongoing and results will be compared with LES simulations at Sandia.
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Fig. 22 Comparison of A, for Re=22,000 (top) and Re=90,000 (top)
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5. SUMMARY OF ACCOMPLISHMENTS

At Texas A&M University, a set of tools has been developed to study non-thermochemical
equilibrium (NTE) flows. Fundamental studies have laid the groundwork for future diagnostics
on subsonic and hypersonic NTE flowfields. In addition, new laser diagnostic techniques for
studying these types of flowfields have been demonstrated. However, these techniques are not
limited to NTE flowfields and could be applied towards a variety of flowfields. The specific
conclusions and recommendations from each of the major experiments are briefly summarized
here.

A radio-frequency (RF) discharge was generated within a subsonic flowfield and characterized
using broadband and narrowband emission spectroscopy, and CARS spectroscopy. The emission
spectra concluded that the plasma imparted only slight gas heating (35 +/- 3 K) with negligible
molecular dissociation. N, CARS pointwise measurements at several streamwise locations
verified that the plasma induced vibrational excitation. The experimentally observed decay of the
non-thermal equilibrium gases agreed well with predictions from vibrational kinetics modeling
which included all relevant species in the flow. The model provided a good starting point against
which future characterization of the RF plasma can be compared.

Software was written for processing NO PLIF images. NO PLIF is typically not employed at
room temperature, and especially not for flows with small temperature variations. Since the
temperature fluctuations imparted by the RF were expected to be small (300+/-35K), noise-
reducing routines were examined and applied in a computer-based study. These studies
concluded that Gaussian smoothing, dividing by a mean image, background subtraction, and
selection of probed rotational lines, were all important for minimizing the noise and recovering
true temperature variations while preserving spatial resolution. . Experimental implementation of
recommendations from the computational study produced images with temperature uncertainties
of <1.5%, or <5K at room temperature, proving that true temperature fluctuations expected from
the RF plasma would be easily distinguishable.

New approaches to molecular tagging velocimetry (MTV) were investigated using NO LIF
imaging. One of the main advantages of MTV techniques as opposed to particle-based
techniques such as PIV lies in the ability of molecules to accurately track the flow, especially in
the vicinity of strong shocks. First, single line MTV measurements were conducted utilizing
photodissociation of NO,. This study was demonstrated in the well-studied underexpanded jet
flowfield, but could be extended towards a variety of other flowfields. Photodissociation of NO,
at 355 nm produced a non-thermal equilibrium distribution of NO,=;1: NOy=, which corresponded
to a vibrational temperature of about 7000K. A comparison of the MTV measurements using
excitation of transitions in the A-X(1,1) and (0,0) bands of NO demonstrated significant
advantages for the (1,1) transition. This advantage would be especially useful in a flowfield with
naturally occurring NO such as a combustion flowfield, where most of the background NO
would exist in the v=0 state.

The vibrational temperature evolution was explored and compared to vibrational Kinetics

modeling with good agreement. The primary mechanism for energy transfer was found to be
vibrational quenching of NO,-; by O atoms formed through NO, photodissociation. We expect
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that this model will be useful for validation against future experimental characterization of RF
plasmas.

The single component MTV technique was extended to yield two components of velocity
(streamwise and radial) in an underexpanded free jet through the use of a grid rather than a single
line. Comparisons of two approaches to MTV measurements with NO showed that the NO
fluorescence lifetime technique is advantageous in low quenching and high speed flows, while
the photodissociation technique is preferable in high quenching and/or low speed flows. The
photodissociation technique was not affected by quenching, and a much longer time delay could
be used, since NO is a stable molecule and the persistence of the signal is essentially only limited
by fluid mixing and diffusion or convection out of the probe laser sheet. The two-component
technique produced velocity maps which agreed well with CFD simulations. Single shot analyses
of the photodissociation technique yielded relative velocity uncertainties of ~5% and were
limited by signal to noise ratios of the NO LIF measurements. This study demonstrates the first
known application of either the NO fluorescence or NO; photodissociation techniques for two-
component velocity mapping.

Both the single and two-component velocimetry methods gave low single-shot relative
uncertainties (~5%), rendering them useful for short runtime facilities such as blowdown
facilities and shock tubes, where runtimes may range anywhere from a few milliseconds to a
few minutes, and/or for statistical measurements in dynamic flowfields. Both methods were
dependent on good signal to noise, and resolution and uncertainties could be improved with
increases in signal.

The compilation of all of the above topics represents a collection of diagnostic tools that may be
used to characterize and understand not only NTE systems, but can be extended for use in a
variety of flowfields.

Lastly, research at Sandia’s CRF demonstrated quench-free NO PLIF measurements using a
picosecond pulsed laser for excitation and a fast-gated intensified camera for detection. In
addition, laser Rayleigh scattering measurements were performed to measure the fine-scale
turbulent structures in turbulent non-reacting jets. Results of the turbulent jet measurements are
currently being compared to large-eddy simulations by Joe Oefelein at Sandia.
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