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Spectroscopic measurements of non-equilibrium emission were made in the free stream
of the 60 MW Interaction Heating Facility at NASA Ames Research Center. In the visible-
near infra red wavelength region, the most prominent emission was from molecular N,, and
in the ultra violet region, the spectra were dominated by emission from molecular NO. The
only atomic lines observed were those of copper (an erosion product of the electrodes). The
bands of the 1* Positive system of N, (B->A) differed significantly from spectra computed
spectra assuming only thermal excitation, suggesting overpopulation of the high vibrational
states of the B state of N,. Populations of these high vibrational levels (peaking at v,,p.~13)
of the N, B state were determined by scaling simulated spectra; calculations were performed
for each upper vibrational state separately. The experimental-theoretical procedure was
repeated for several radial positions away from the nozzle axis to obtain spatial distributions
of the upper state populations; rotational symmetry of the flow was assumed in simulations.
The overpopulation of the high vibrational levels has been interpreted as the effect of inverse
pre-dissociation of neutral atoms in the N, A state, which populates the N, B state through a
level crossing process at v,,p,>10.

I. Introduction

HE development and qualification of heatshield materials for high-speed atmospheric entries rely heavily on

ground testing in high enthalpy plasma facilities such as the arc jets at NASA Ames Research Center (ARC).
The Interaction Heating Facility (IHF) is one of several arc jets at NASA ARC used to simulate the aecrodynamic
heating that occurs for areas of the spacecraft that require thermal protection. Plasma diagnostic methods are
necessary to improve understanding and better characterize the test conditions in these facilities.

In the plenum region of the arc heater, the gas is considered to be in thermal and chemical equilibrium, but upon
expansion in the diverging section of the nozzle, the chemical composition and vibrational excitation of the gas is
most appropriately viewed as frozen. A key parameter that characterizes the local thermodynamic state of the gas
mixture is the specific total enthalpy, which is known to only a limited degree of certainty. The total enthalpy at any
point in the flow is a sum of the kinetic, thermal, and chemical modes. Of particular interest is the energy store in the
chemical mode. Optical methods are well suited for this purpose since they are non-intrusive and they do not modify
the local state of the flow. In the present work, emission spectroscopic measurements, in combination with
theoretical analyses, are made with the aim of determining number densities of atomic species. The analysis takes
advantage of the non-equilibrium environment by closely investigating inverse pre-dissociation processes which are
usually negligible in an equilibrium plasma, but may become dominant under non-equilibrium conditions.
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The objectives of the present work are:

1. To obtain calibrated emission signatures of the free stream plasma and identify the major radiating species.

2. To interpret the non-equilibrium molecular radiation through inverse pre-dissociation processes to obtain
information about ground state densities of the atoms involved in these processes with the final goal of getting
estimates of the chemical component of enthalpy.

II. Facility and Optical Set-up

The 60 MW Interaction Heating Facility (IHF), one of several arc jet facilities at NASA Ames Research Center,
is used to test and qualify spacecraft thermal protection materials in “flight-like” aerothermal environments. The
IHF heater is a constricted arc design with an upstream anode, and a downstream cathode, which consists of
8 electrode disks. The working gases are injected throughout the constrictor tube and heated to very high
temperatures by the arc column, which is established between the anode and the cathode (region 1 in Fig. 1). The
magnitude of the temperatures achieved, hence the energy of the flow, depends on the input current, voltage, and
flow rates. Following the cathode, there are 4 disks/segments through, which additional room temperature air (in the
following referred to as “add air”) can be injected to tailor the enthalpy of the working medium to the desired test
value. This set of 4 segments (region 2 in Fig. 1) is referred to as the “plenum” in the present work. The working
gas of appropriate enthalpy is then expanded through a convergent-divergent nozzle, and the test article is placed in
the free jet (region 4 in Fig. 1).
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Figure 1. Sketch of the IHF working principle.

The operating conditions of the facility are mainly characterized by arc current and voltage, and the different
mass flows (main air, add air and argon) yielding a chamber pressure and a bulk enthalpy derived from the balance
of input power and cooling losses. Data were taken at low and high enthalpy heater conditions. However, analyzed
results are currently only available for a high enthalpy condition at 21.6 MJ/kg. Emission spectra in the plenum
region of the heater,' heat flux measurements with different calorimeters,? two photon LIF measurements of atomic
nitrogen and oxygen,’ and emission spectroscopy measurements in the free stream were carried out. The latter ones
are described here. Table 1 specifies the arc heater settings.

Table 1. Arc heater settings for the high and low enthalpy test conditions.

Condition Arc Arc Main-Air Mass | Add-Air Mass | Argon Mass | Chamber Bulk
Current Voltage Flow Rate Flow Rate Flow Rate Pressure | Enthalpy
(A) V) (g/sec) (g/sec) (g/sec) (kPa) (MJ/kg)
Low 2000 3690-3720 200 55 26 240 14.5
High 6000 7300 740 55 54 886 21.6

Data were acquired at a position 10 inches (254 mm) downstream of the nozzle exit covering a maximal
wavelength range of 200nm to 1000nm with different spectrometers (Ocean Optics S2000,
Echelle ME200+Pixis CCD, Acton SP300i+PImax CCD) in different wavelength resolutions. Table 2 lists the
spectral characteristics of the different set-ups. The plasma on the generator axis at a distance of 2.1 m to the
focusing spherical mirror (f=305 mm) was imaged on a bifurcated optical fiber which allowed for simultaneous
measurements of two channels. The f number of the fiber (numerical aperture n,=0.22) was matched using an
aperture between mirror and fiber. Figure 2 shows the optical set up. Radial profiles were obtained by inclining the
focusing set-up thus measuring tilted lines of sight through the plasma beam characterized by the vertical offset to
the center line. A total of six lines contained significant signal, measured at offsets of 3mm, 59 mm, 92 mm,
117 mm, 144 mm and 168 mm. At higher offsets, the measured signal contained mainly noise.
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Figure 2: Sketch of the set up for emission spectroscopy measurements.

Table 2. Spectral characteristics of the different optical set-ups.

Spectrometer Grating CCD wavelength range pixel FWHM
resolution

Ocean Optics 300 I/mm Internal, 12 Bit 200nm — 1000nm* ~0.7 nm 4.5nm

UV-VIS

Ocean Optics 1200 1I/mm Internal, 12 Bit 200nm — 500nm ~0.15nm 1.2nm

uv

Echelle Echelle + order PI Pixis1024x1024, 200nm — 1200nm 0.02nm ~0.15nm

ME-200 sorting prism 16Bit, 13um x 13um

Acton Sp230i 150 g/mm PImax 1024x256 200nm — 565nm 0.55nm 1.1nm
16 Bit, 26um x 26um

Acton Sp2 30i | 150 g/mm PImax 1024x256 495nm — 860nm 0.55nm 1.1nm
16 Bit, 26um x 26um

* nominal range up to 1700nm but detector sensitivity dies out at 1000nm
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Figure 3: Calibration lamps in the IHF facility and manufacturer calibration data (Deuterium lamp shown
for Imm spot diameter).
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The measurements were calibrated to absolute intensities using an integrating sphere and a Deuterium lamp,
which were placed on the center axis of the facility. Although both lamps are calibrated to spectral radiance, the
Deuterium lamp measurements were only used to extract the qualitative shape of spectral sensitivity and scaled to
the values of the integrating sphere in the spectral overlap since the total measured intensity (and the manufacturer
calibration data) of the Deuterium discharge strongly depends on the measured spot size. Even on axis, the spot size
of 5 mm was much larger than the specified spot sizes for the calibration of the Deuterium lamp. The integrating
sphere, however, shows a very good homogeneity across the open aperture of 20 mm. The calibration data for these
lamps are shown in Fig. 3.

At a first glance, the Echelle spectrometer set-up offers by far the best spectral resolution and the largest
wavelength range although long integration times are required. However, the calibration turned out to be the least
reliable. Although the spectrometer was calibrated according to the manufacturer’s recommendations, the calibrated
results show systematic disagreement with the ones from the other two set-ups (which agree fairly well with each
other). Therefore, the Echelle results are only used for line identification purposes. The Ocean Optics spectrometers
were easy to use and already configured for fiber fed input but required almost as long acquisition times as the
Echelle spectrometer and provide only 12 Bit A/D conversion yielding a limited dynamic range. Therefore, a set-up
with an Acton SP230i spectrometer used with a Princeton Instruments intensified PImax CCD camera was designed
which offered the shortest acquisition times and highest dynamic range, though significantly reducing the spectral
resolution. Since the spectral range of interest is more accurately known now, this set-up will be used with a higher
spectral resolution by choosing a different grating in future tests. However, at the time these data were gathered, the
spectral range chosen seemed necessary to cover as many vibrational levels as possible, and all spectra were
recorded in low resolution.

III. Theory/Modeling

The gains made in modeling of high-temperature thermochemical nonequilibrium flowfields, and advances made
in rapid and efficient numerical solvers for such models, have enabled the development of frameworks for analysis
of arc-heated flows expanded using a nozzle. The analysis framework makes use of the fact that the geometry of
test nozzles is well known, and that the nozzle-calorimeter combinations are usually fixed. Therefore, there is only a
one-time investment in building grids required for numerical simulation; grid generation is usually a long-lead item
in the computational process. The computational domain contains the plenum, the convergent-divergent nozzle, and
the free jet. Since the nozzles are almost always underexpanded (i.€., Pexit > Prest chamber)s the free jet is truncated in
such a way as to allow imposition of supersonic extrapolation at the boundaries. The calorimeter/test article is
considered as an integral part of the computational domain. Such an approach allows for consideration of flow
nonuniformities (in either enthalpy, and/or mass flux). In order to speed up the analysis process, axial symmetry is
assumed, thus reducing the problem from three dimensions to two. Although the analysis process has been
streamlined, there are several uncertainties and unanswered questions regarding the flow, especially the radial
distribution of enthalpy (i.e., enthalpy non-uniformity) in the jet.

In the present effort, a volume grid has been constructed for the 13-inch nozzle of the IHF and free jet without
any calorimeter or test article. The axisymmetric version of the CFD code DPLR® solves the equations governing the
temporal development (to steady state) of a flow consisting of 12-species (N,, O,, NO, NO', N,", 0,", N, O, N', O,
e, Ar) in thermochemical nonequilibrium. The facility measured flow rates (of air and argon), and arc column
pressure are used to estimate the bulk enthalpy of the arc-heated flow in the plenum section. Using an in-house code,
NoOzzLE THROAT CONDITIONS, flow non-uniformities in enthalpy and mass flux are considered (Gaussian
distributions are considered based on nullpoint surveys of the free jet). Further details of the computational
process/procedure can be found in Ref. 4.

Lo . i

o Enthalpy, High Condition /% _—
- = | —
Co N | T i m—
D 2 45 7 95 12 145 17 195 22 245 27 d__._-—-_'"’ff_——-""__ - B e —
oY — -

Om

ON

© -

To

©

e

Axial coordinate (from nozzle exit plane), in
Figure 4. Numerically computed enthalpy distribution in plenum, nozzle and free stream, of the IHF.
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From the converged solution, profiles of the translational/rotational and vibro-electronic temperatures, and
number densities of all the constituent species are extracted at a distance of 10 inches from the nozzle exit plane as
shown in Fig. 5. The simulation shows a rather flat profile of translational temperature between 2000 K and 2150 K
for radial positions less than 13 cm and drops down rapidly for higher radial positions. In the same region, the
vibrational temperature has a more distinct profile with a maximum value of 3200 K which flattens out at high radial
position at values about 2700 K. Oxygen is found to be almost completely dissociated, nitrogen dissociation has a
distinct profile peaking on axis with a value of roughly 40%. The ionization fraction is low with maximum values on
axis of about 0.01 %.

The extracted  profiles are

4
considered to be the simulated line of fete =00
sight, and the data are used in the 3.5E+16 3000
NEQAIR 2009 V6.6 which is a line-by-
line spectroscopic code with one- g 3E¥16 J— — _._'N L 5500

. . .. r Ttrans
dimensional transport of radiative ~ © —t—Tuib \ x
intensity. It computes the emission and & 25Er16 / \ L 2000;
absorption of atoms (N, O, H, C, He) £ .16 ®
and molecules (N,, N,", NO, O,, H,, ° / /\ /\ \ 1500
CO, C,, CN) as well as bound-free and  © 1.5E+16 \\// ~ g
free-free continuum radiation caused by & o~ - \ L 1000*
interactions of electrons with neutral o 116 3/ N
and ionized atomic species.  Line SEsls - 500
broadenings due to Doppler, Stark,
resonance, and collisional mechanisms PO s i il i BN
as well as the natural line width realized 20 10 0 10 20
through Voigt broadening are included radial position, cm
and an additional Voigt broadening can 3.5E+412
be applied to account for instrument
broadening. Radiative transport is 3E+12 /'I AN 02
computed along a line-of-sight as a fy |N =—NO
series of one-dimensional cells — a £ 5 5Es12 \ —
tangent slab approximation. In absence = \
of an individual electron temperature in S T = O+
the two temperature model used in g 212 —F
DPLR, the vibrational temperature is 3 /
used for electronic excitation. g L.5E+12

Principal molecular band systems S / \

co§1sidered in this work are the 1* and & 1E+12
2™ positive systems of N,, the 1%
negative system of N, the v, B, 8, and SE+11 /\ /\
¢ systems of NO. High-resolution — —
spectra were computed using NEQAIR 0 = S
for these band systems and were -20 -10 0 10 20
convolved with the experimentally radial position, cm

determined instrument function to FigureS. Temperature and particle density profiles along the center
produce synthetic spectra for line of sight at a distance of 10 inches to the nozzle exit, extracted
comparison against the measurements. from the DPLR simulation.

To help with the interpretation of the measured data, NEQAIR was modified to provide the option of separate
computation for an individual upper vibrational state (i.e. only one specific upper vibrational quantum number for a
given electronic transition to all possible lower ones) and to write out the sum of all upper state particle densities
involved in the computed spectrum.
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IV. Experimental Data and Analysis

The spectra were dominated by the emission of different NO systems in the UV and by the emission of the 1%
Positive system of N, (B-A transition) in the visible (VIS) and near infrared (NIR). In both spectral regions, the
spectral characteristics were effectively the same for the high and low enthalpy conditions but differed in intensity
by about one order of magnitude as shown in Fig. 6.
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—— Low Condition UV
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Figure 6: Spectra at low and high condition measured with the Ocean Optics spectrometers.

In a first approach, simulated spectra were generated by using the DPLR solution along the lines of sight as input
for NEQAIR. The measured data are substantially different than the prediction, both in intensity and shape.
Therefore, the simulations were repeated for each radiating species separately to be able to scale the different
spectral components individually. In the UV region, the center line spectra could be rebuilt with the CFD vibrational
temperature used as the electronic excitation temperature, only if overpopulation factors of about 6 orders of
magnitude were applied to match experimental and simulated NO radiation as demonstrated in Fig. 7.
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Figure 7: Measured UV spectrum at high condition and scaled CFD simulation.

To account for this overpopulation, excitation temperatures on the order of 9000 K would be needed instead of
the 3200K temperature predicted by CFD. Similar temperature values have already been reported in earlier
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investigations of arc-jet flows™® and might be attributed to an insufficient representation of the non-equilibrium
environment by the two-temperature model used in DPLR. However, in comparison to the other NO systems, an
overpopulation of the NO C state remains even if the electronic excitation temperature is adopted. This indicates the
dominance of inverse pre-dissociation processes as successfully introduced by Chul Park’ for the interpretation of
similar data obtained in the NASA Ames Aero Heating Facility (AHF) in Refs. 8, 9, and 10. Future analysis of the
spectra will focus on this topic. Figure 7 displays the UV spectrum on the center line measured with the Ocean
Optics spectrometers and scaled simulated emission on a logarithmic scale. In the VIS/NIR region between 500nm
and 900nm, the spectrum is dominated by emission from the N, 1% Positive system. The measured spectra from
different tests at the same condition do agree quite well even if measured with different spectrometers as shown in
Fig. 8 for the Ocean Optics spectrometer and the Acton SP300i/PImax combination. However, the simulation based
on Boltzmann populations for the rotational and vibrational excitation does not even qualitatively fit the measured
data as shown in the same figure. To fit the spectra at low vibrational quantum numbers, an overpopulation factor of
2300 is required which, if interpreted as difference in electronic excitation, corresponds to an excitation temperature
of approximately 4200K. This value is significantly lower than the temperature obtained from NO which indicates
that part of the NO overpopulation might also be related to excited state chemistry if the electronic excitation
temperatures of the different molecules are believed to be close to each other and to the electron temperature.
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Figure 8: Measured VIS/NIR centerline spectra at high condition and scaled CFD simulation.
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Figure 9: Measured VIS/NIR centerline spectra at high condition and scaled CFD simulation with modified
N, B state vibrational populations for selected levels.
However, if the theoretical spectra are computed separately for each upper vibrational quantum number to all
allowed lower levels and if these spectra are appropriately scaled and summed, the spectrum below 800nm can be
reasonably well matched as shown in Figure 9. As a general rule for the scaling process, the sum over all vibrational
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levels was not allowed to exceed the measured spectrum at any wavelength. Best agreement was achieved for
wavelength regions which are dominated by high vibrational quantum numbers (i.e. between 520nm and 600nm).
The highest disagreement (and therefore the highest uncertainty of the scaling factors) is seen in wavelength regions
dominated by the emission due to low vibrational quantum numbers. The emission of vu 0 was outside the measured
wavelength range.

Very similar data for the N, 1* Positive system were obtained by Gessman et al. in an equilibrium nitrogen flow
generated by a 50 kW Inductively Coupled Plasma Torch which was rapidly cooled and therefore artificially
brought to non-equilibrium.'’ These spectral data were successfully rebuilt when measured overpopulation factors of
the different vibrational levels of the N, B system were applied to the SPEC4IR code for spectral simulation.'?
Finally, this overpopulation could be explained by inverse pre-dissociation of N atoms into the N, B state using a
collisional radiative model.'> ?

In this work, there is not really a reliable equilibrium state given against which overpopulation factors can be
defined. Instead, total upper state densities were determined. As mentioned previously, NEQAIR was modified to
write out the generating upper state population for each spectrum for a specific upper vibrational quantum number.

If the scaling factors for the spectra are 1.2E+05
applied to these upper state densities, a measured
upper state population density for each

vibrational distribution/ from CFD
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8.0E+04 =
quantities which were used to generate the J4mm JH/mm
original spectrum and are therefore independent —144 mm —168 mm

o . 6.0E+04
of temperature or equilibrium assumptions. As a
check, NEQAIR simulations with different input
4.0E+04
temperatures were scaled to the same
experimental spectrum and yielded the same \
2.0E+04

upper state densities. .
In the NEQAIR simulation based on the CFD \\
|

LOS-integrated population density, cm2

solution, the upper vibrational levels are 0.0E+00 ' ‘ '

populated through a Boltzmann distribution. The 0 2 4 6 8 10 12 14
population densities are decreasing with g) upper vibrational quantum number, -
vibrational quantum number in an exponential 4.5E+09

manor as shown in Fig. 10a). Here the measured distribution

population densities are integrated along the
simulated line of sight, therefore given in the "G 3.5E+09 omm ==59mm
slightly unconventional unit cm™”. However, this
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state can be found at vibrational quantum
numbers lower than v, 7.
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Figure 10: Population densities of different vibrational
levels of the N, B state based on a) CFD simulation and
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(admittedly not including v, 0 and 1) can be
found in levels with v,>7. As discussed earlier,
the measured data are considered less reliable for
lower vibrational quantum numbers, therefore
the curves are plotted with dashed lines for v,<7.
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These values still represent an integration along the corresponding line of

sight. To determine local values, a simplified Abel-inversion was applied,
assuming rotational symmetry of the plasma beam. If each measurement is
interpreted as an average over a ring with the inner diameter assumed to be

the offset value on the generator axis as illustrated in Fig. 12 for 4

measurement positions, a rather simple system of linear equations can be
formulated. If the outermost line of sight is interpreted as its own ring with

constant population densities, the system for 4 lines of sight reads as:
I, =I(r)*L.(r.)
3,int 3 3'3

- * *
I2,int =I(ry) "Ly(r)) +1r) *L,(r)

= * + * + *
I1,int I(r3) L1(r3) I(rz) L1(r2) I(r1)
- * + * + * + *
Io,int I(r3) Lo(rs) I(r2) Lo(rz) I(r1) I(ro)
and can even be solved recursively.
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Figure 12:
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Detection geometry
for 4 lines of sight and illustration
of simplified Abel-inversion.

In Fig. 11, the results of this method are illustrated for the example of v, 13. Each local value represents the
average between the offset values of two neighboring lines of sight. A refinement could be reached by assuming a
continuous change between two radial values (the first approach being a linear distribution) instead of a simple
average. Figure 13 shows the local results from this reconstruction and a simple averaging by dividing through the
corresponding line of sight for comparison purposes. As mentioned before, during the experiments, six lines of sight
were measured.
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The emission of nitrogen molecules due to excited state
chemistry also appears in afterglows such as the Lewis-
Rayleigh afterglow.'* One major process is the inverse
pre-dissociation of ground state atoms (N4S) into
excited molecular states of nitrogen. Due to the
quantum mechanical selection rules, the ground state
atoms can only form the X'%,", A’S,", A”°%,", and '%,”
states of which the latter one is essentially repulsive'’.
These states (in particular N, A’52g+) then, through
collisions and/or level crossing processes, may
populate preferred vibrational levels of other states
such as N, B3Hg and N, B”%," which are the upper
states of dominant radiative transitions such as the N,
1" Pos. system (N, B[, & N, A’S") or the N,
afterglow system (N,B”Z,” 2> N, B3Hg). Pre-
dissociation and level crossing into the N, BT, state is
known to preferably populate v, 13."° For the
population of lower vibrational levels, different
explanations are given e.g. by vibrational relaxation to
collisional population from other electronically excited
states (e.g. collisional population of N, B3Hg, v,=0-2
from N, A’%,", v,=7-9), or three body recombination
of atomic nitrogen.

The level crossing processes have been investigated
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Figure 14: Potential energy diagram for N,
compiled by F.R. Gilmore."
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by Partridge et al. ” and rate constants for recombination of

N atoms into different electronic states of N, were given. A comparison of the potential curves for the different
electronic states derived in that work as presented in Fig. 15 shows that a level crossing from the N, A’52g+ state to
the N, B3Hg state can only occur into vibrational levels between v, >10, the higher vibrational levels showing a

larger potential overlap equivalent to higher rates.
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Figure 15:  Potential crossing between the N, A’SE;, and N, B31'Ig states as given in Ref. [16].

In the experimental data, no significant contributions of vibrational levels higher than v=13 could be found with
increasing upper state populations from v=10 towards v=13. These correlations are interpreted as a clear indication
for the inverse pre-dissociation through the N, A’SEg+ state being a dominant process for the molecular radiation at
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the measured conditions. To further interpret these results, the sum of all populating and depopulation processes for
the N, B state are to be investigated:

Thermal/vibrational excitation through electron collisions (both populating and depopulating) which
requires knowledge of Tej, Tirans, Tvibs Nel, NN2
The major process for radiative depopulation goes to the N, A state (N, 1* Pos. System), the main

population comes from the N, C state (2™ Pos. System).
* Level crossing processes to other excited states
*  Quenching due to heavy particle collisions

The following assumptions seem reasonable:

*  Thermal/vibrational excitation of the high vibrational levels is negligible which means that knowledge of
T, or T, is not necessarily required if the analysis is restricted to these levels.

+  The major radiative processes can be covered through measurement of N, 1% and 2™ Pos. systems.

*  Vibrational relaxation can be covered by integrating over the high vibrational levels or/and extrapolation of
the measured levels to the lower ones through an appropriate fit function.

*  The upper and lower bound for quenching can be estimated by no quenching and full quenching as a zero
order approach (i.e. every collision depopulates the excited state).

*  Due to the large difference in population densities between the N, B state and the N ground state, inverse
pre-dissociation will dominate and pre-dissociation can be neglected.

For a zero order approach, this leaves as unknowns the rates of level crossing processes and the heavy particle
quenching with the assumption of no quenching as a lower bound. If the rate coefficients for the inverse pre-
dissociation processes are known, a the lower bound for the nitrogen atom particle densities can be derived from
balancing the measured N, 1% Positive radiation (or better the sum over the scaled simulation for the vibrational
levels under investigation) divided by % v with the inverse pre-dissociation coefficient multiplied by the square of
the nitrogen ground state density. Similar processes can be formulated for NO giving access to the product of
(IN] [O]) but the measured data have not been evaluated to that extent.

Furthermore, the CFD solution is
considered to provide sufficiently
correct translational temperature,
plasma velocity and pressure. The
temperature and velocity show
sufficient agreement with Two-
photon Atom Laser Induced
Fluorescence (TALIF)
measurements’ for the low
enthalpy conditions and slightly
lower temperature and velocity
for the high enthalpy case as
shown in Fig. 16. Pressure is
usually in good agreement with
probe measurements.> This means
that the gas dynamic state of the
plasma is defined and the total
number of particles is known.
Therefore, an additional equation
to either validate the data or
estimate missing rate coefficients
is available for further analysis.
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simulated by CFD and measured with TALIF.
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V. Summary and Conclusions

Emission spectra measured in the free stream of the NASA Ames Interaction Heating Facility showed strong
emission of different electronic systems of NO in the UV wavelength region and of the N, B-A transition (1*
Positive system) in the VIS-NIR. Comparing spectra simulated using a combination of DPLR (CFD) and NEQAIR
(line-by-line radiation) and experimental measurements the following observations are made:

1. The electronic excitation temperatures of 4200 K for N, and 9000 K for NO, required to match the magnitude
of the measured spectra, are significantly different from each other and from the value of ®3200 K (common
to N, and NO) obtained from DPLR simulations of the flow in the nozzle and free jet. It is hypothesized that
both this disagreement between predicted and measured temperatures, and the differences between N, and
NO, are at least partly due to significant population of the upper electronic states of the molecules through
chemical processes.

2. For the case of NO, overpopulation is partly caused by excited state chemistry (in the form of recombination
of atoms into electronically excited states of NO) or by NO molecules produced through the Zel’dovich
reaction N,+O -> NO + N. This aspect is currently being investigated through more tests.

3. The shapes of the observed N, spectral bands strongly disagree with NEQAIR simulation spectra based on
thermal excitation alone. The measured spectra could be fitted only if the electronic-vibrational transitions
were computed separately for each upper vibrational level and then scaled individually. Populations of the
upper vibrational levels of the N, B state were found by applying the scaling factors to the populations used
in NEQAIR. Compared to a Boltzmann distribution (used in NEQAIR), the population distributions estimated
using scaling factors were significantly higher, and the distribution peaked at vy,,~13. This peak was
explained by inverse pre-dissociation.

4. A zero-order approach for estimating nitrogen atom particle densities from the N, B populations at high
vibrational levels was derived by estimating contributions to population changes based on general
assumptions and comparison of CFD and experimental data.

5. At the conditions investigated here, the population process of the N, B state at high vibrational levels is
considered to be dominated by radiative transitions (populating N, C-B transition, depopulation N, B-A
which both are measured), quenching through heavy particle collisions, and population through inverse pre-
dissociation. The contribution of quenching cannot easily be estimated but the lower bound for atom
concentrations can be obtained if no quenching is considered. An upper bound could be obtained if every
heavy particle collision with a N, B state molecule is assumed to result in depopulation. For the case of no
quenching, the square of atom particle concentration is directly proportional to the photon balance of the two
transitions involved divided by the rate coefficients for the inverse pre-dissociation process. As soon as these
rate coefficients are available first estimates of atom particle densities will be derived from these
measurements.

For future work, the analysis of N, will be done for NO as well, which will give access to both oxygen and nitrogen
atom particle densities as soon as the corresponding rate coefficients are available. The results will be compared to
TALIF measurements of atom particle concentrations at the same conditions, thus providing an anchoring of the
emission spectroscopic results and the analysis method proposed here.
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