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ABSTRACT

Plasma diagnostic measurement campaigns in the
NASA Ames Interaction Heating Facility (IHF) have
been conducted over the last several years with a view
towards characterizing the flow in the arc jet facility by
providing data necessary for modeling and simulation.
Optical emission spectroscopy has been used in the
plenum and in the free jet of the nozzle. Radiation
incident over a probe surface has also been measured
using radiometry. Plenum measurements have shown
distinct radial profiles of temperature over a range of
operating conditions. For cases where large amounts of
cold air are added radially to the main arc-heated
stream, the temperature profiles are higher by as much
as 1500 K than the profiles assumed in flow
simulations. Optical measurements perpendicular to the
flow direction in the free jet showed significant
contributions to the molecule emission through inverse
pre-dissociation, thus allowing determination of atom
number densities from molecular emission. This has
been preliminarily demonstrated with the N, 1%
Positive System. Despite the use of older rate
coefficients, the resulting atom densities are reasonable
and surprisingly close to flow predictions. Radiation
(from inside the arc column) incident on the surface of
a probe in the free jet has been measured. It is shown
that this radiation accounts for less than 3% of the total
heat flux to a flat surface. The measured spectra show a
strong underlying continuum, which is attributed to
bound-free radiation generated in the arc column.

1. INTRODUCTION

The development and qualification of heatshield
materials for high-speed atmospheric entries relies
heavily on ground testing in high enthalpy plasma
facilities such as the arc jets at NASA Ames Research
Center (ARC). Key parameters for material testing in
these facilities are the local enthalpy of the free stream
and the heat flux to a probe surface at the test position.
Furthermore, computational fluid dynamics CFD
simulation of the flow field in these facilities is used
for an interpretation of experimental results. Therefore,
it is highly important to understand how well the
numerical simulation captures the actual facility
plasma flow.

Emission spectroscopy measurements were carried out
in the plenum and in the free jet of the 60 MW
Interaction Heating Facility (IHF) at NASA Ames
Research Center [1-4] which is one of the NASA Ames
arc jet facilities used to simulate the aerodynamic
heating that occurs on the nose cap, wing leading edges
and other areas of the spacecraft requiring thermal
protection.

In the plenum region (the starting point for CFD
simulations) of the heater, the gas is considered to be in
thermal and chemical equilibrium. Optical emission
measurements were made in the visible to near infrared
region (500-900 nm) using a specially designed heater
segment with optical access. This segment allows for
optical examination through seven access ports (one
center and six off-axis positions) of the arc-heated flow
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as it enters the plenum after the downstream electrode,
and thus assists in estimating the thermodynamic state
of the inflow to the convergent section of the nozzle.
Upon expansion in the diverging section of the nozzle,
the chemical composition and vibrational excitation of
the gas are most appropriately viewed as frozen. The
flow conditions in the free jet determine the consequent
heat flux on a probe or sample in the flow. Of
particular interest is the chemical composition at the
test position since the degree of dissociation
significantly affects the total enthalpy of the flow.
Emission spectroscopic measurements, with particular
focus on atom particle densities, were conducted to
determine or infer flow properties. The non-
equilibrium aspects of the flow in the free jet were
investigated with the inclusion of inverse pre-
dissociation processes in the analyses; these processes
are not discernable in equilibrium plasmas, but can
become dominant under non-equilibrium conditions.
One component of heat flux, which contributes to the
total heating of the probe on a sample in the arc-jet
flow, is the radiation generated in the arc-heater. Since
this radiation heat flux is absorbed to different degrees
by metallic surfaces (e.g. calorimeters) and heat shield
materials, a biasing of the heat flux measurements
might occur if the radiation component is significant.
Therefore, the radiation impinging on an optical probe
at the test position for material samples was measured
with a spectrometer and a radiometer to determine the
radiation heat flux during material testing [3,4]. A
description and analysis of the measured data is given
for a variety of conditions. Figure 1 shows a sketch of
the IHF design and the location of the applied
diagnostics.

Data have been acquired at different heater conditions,
but in this work, only data for the high condition
(6000A arc current, 7300 V arc voltage, main air mass
flow of 740 g/sec, chamber pressure of 886 kPa, bulk
enthalpy of 21.6 MJ/kg) are presented.

2. 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 [5]. The analysis framework makes use
of the fact that the geometry of test nozzles is well
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known, and that the nozzle-calorimeter combinations
are usually fixed. Therefore, there is only an 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 non-uniformities (in either
enthalpy and/or mass flux). In order to speed up the
analysis process, axial symmetry is assumed. 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 efforts, 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, NOzZzZLE_THROAT CONDITIONS, the radial
profiles of enthalpy and mass flux are predicted
assuming Gaussian distributions based on nullpoint
surveys of the free jet. Further details of the
computational process/procedure can be found in

Ref. 5,

From the converged solution, profiles of the
translational/rotational and vibro-electronic
temperatures, and number densities of all the

constituent species are extracted at the geometrical
positions covered by the optical ports for the plenum
measurements, and at a distance of 10 inches from the
nozzle exit plane for the free-stream experiments as
shown in Figs. 3,and 4.

Fig. 3, illustrates the radial profile of particle densities
(in parts/m’) and temperatures in the plenum
(equivalent to the conditions along the centered chord
line of sight). Temperatures between 7000K and
8000K —are —obtained, oxygen (O,) isalmost fully
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Figure 3. Simulated temperatures and particle densities
(neutrals left, ions right) along the center chord in the THF
plenum region.

dissociated over the whole cross section, nitrogen
dissociation reaches about 70% at the center, and
ionization reaches a maximum of roughly 0.1%, the
main ion being NO".
In the free stream, 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 as
illustrated in Fig. 4. In the same region, the vibrational
temperature has a more distinct profile with a
maximum value of 3200 K, which flattens out near the
wall at about 2700 K. Oxygen is found to be almost
completely dissociated, while 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 %.
For all IHF positions under consideration, simulated
lines of sight are extracted from the computed profiles,
| and the data are used in the NEQ4IR 2009 V6.9, which
is a line-by-line spectroscopic code with one-
| dimensional transport of radiative intensity [9]. It
computes the emission and absorption of atoms (N, O,
H, C, He) and molecules (N, N,", NO, O,, H,, CO, C,,
CN) as well as bound-free and free-free continuum
radiation caused by interactions of electrons with
neutral and ionized atomic species. Line broadening
due to Doppler, Stark, resonance, and collisional
mechanisms as well as the natural line width are
included as a Voigt function, and an additional Voigt
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Figure 4. Temperature and particle density profiles along the
center chord line of sight at a distance of 10 inches to the
nozzle exit, extracted from the DPLR simulation.

broadening can be applied to account for instrument
broadening. Radiative transport is computed along a
line-of-sight as a series of one-dimensional cells — a
tangent slab approximation. In absence of an individual
electron temperature in the two-temperature model
used in DPLR, the vibrational temperature is used for
electronic excitation.

Principal molecular band systems considered for the
free stream condition are the 1% and 2™ positive
systems of N,, the 1* negative system of N,', the v, B,
d, and ¢ systems of NO. High-resolution spectra were
computed using NEQAIR for these band systems and
were convolved with the experimentally determined
instrument function to produce synthetic spectra for
comparison against the measurements.

3. 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 uses a constricted arc
design with an upstream anode and a downstream
cathode, both consisting of 8 electrode disks. The
working gases are injected throughout the arc column
established between the anode and the cathode, and are
heated to very high temperatures. The magnitude of the
temperatures, and hence the flow energy, depends on
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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 to the desired test value. This set of 4
segments 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. Figure 5 shows a
sketch of the IHF design.

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) yield
a chamber pressure and bulk enthalpy derived from the
balance of input power and cooling losses. Several
operating conditions have been covered through optical
measurements. For the present work, however, only the
condition at high power with minimum add-air (high
enthalpy) is considered.

3.1 Optical Setup for Plenum Diagnostics

Since the plenum region is not amenable to intrusive
measurement/diagnostic techniques, optical methods
have to be used. Therefore, between the add-air disks
and the convergent part of the nozzle, a spacer disk
with optical access was inserted. Figure (0, illustrates the
geometric configuration of this disk with optical
access. The disk has 7 access ports at different cross
sections. To feed the optical signals out of this closed
environment, optical fibers are used. Due to the
geometry of the facility, the minimal fiber lengths were
3.5m and 4.5m for the west and east side access
points, respectively. The 7 ports are used for the
reconstruction of radial distributions based on
measured emission signatures.

tap

Figure 6. Illustration of the geometrical configuration
of the optical plenum disk.

An Acton SP300i and an intensified Princeton PI-max
camera were used for detection. To feed all fibers
simultaneously into the spectrometer, a customized
fiber coupler, which combines the seven single fiber

legs into a linear array, was used. Each leg consisted of
a fiber bundle of seven individual fibers. The single
channels were then imaged on to different vertical
positions on the CCD array of the intensified camera.
Figure 7 shows the resulting image of the fiber
configuration on the CCD for a typical spectrum. Out
of the single fibers for each channel, only the inner 5
were integrated to the final signal to avoid charge bleed
artifacts between the different channels.

Figure 7. Raw data of a typical plasma showing the
coupling of the fibers to spectrometer and CCD.

The measurements were calibrated to absolute spectral
radiance units using a calibrated integrating sphere. For
the calibration, a spare optical segment was cut in two
halves to be able to place the calibration lamp on the
axis. Initial ray tracing analysis of the optical path
indicated that the sensitivity along the line of sight
should be constant. However, measurements with the
calibration lamp at different positions on the line of
sight showed a small variation of the measured signal
on the order of 2%, which was neglected. Recent
measurements during the optical probe campaign with
a remodeled optical segment [4] indicate that the
spatial sensitivity of the calibration segment might
show differences to the actual plenum segments,
leading to biasing factors for the different channels.
This effect is still under investigation and might yield
modification of the existing data towards higher
measured intensities.

3.2 Optical Setup for Free Stream Diagnostics

Reliably calibrated data were acquired at a position 10
inches (254 mm) downstream of the nozzle exit
covering a maximal wavelength range of 200 nm to
1000 nm with different spectrometers (Ocean Optics
S2000, Acton SP300i + PImax CCD) with full widths
at half maximum (FWHM) of 4.5nm and 1.1nm,
respectively. 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. Radial profiles were obtained by
inclining the focusing set-up, thus measuring tilted
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lines of sight through the plasma beam characterized
by the radial co-ordinate in the center of the line of
sight. A total of six lines of sight 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.

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.

3.2 Optical Probe

The probe design is based on a water-cooled probe
body that carries an optical plug with a sapphire
window to seal the optical path against the post shock
plasma and a mechanical connection for an optical
fiber. On the arc-jet side, the limiting aperture is the
nozzle throat, which defines the necessary field of
view. On the probe side, the front mask is the limiting
aperture stop. The optical path is limited through
aperture stops only, without focusing elements. Thus,
each point in the field of view sees, in good
approximation, the same receiving surface (the fiber
aperture or the radiometer pinhole) that corresponds to
very similar solid angles in which radiation is emitted.
The sensitivity is almost constant across the field of
view [3]. At a probe position of 3 inches from the
nozzle exit of the IHF equipped with the 6°° nozzle, the
half-angle of the necessary field of view becomes 4.4°
which is also the maximum angle under which
radiation has to be fed into the fiber or to the
thermopile sensor.

The spectrometer (Avantes AvaSpec-3648-USB2-UA,
nominal wavelength range 180-1100nm) was located
outside the arc-jet test box and the optical signals were
fed to the spectrometer by optical fibers. The front plug
can be inserted and taken out while the probe is
mounted and aligned. Therefore, different entrance
apertures can be used without changing the alignment.
The radiometer design contains a Dexter Research ST-
120 temperature compensated thermopile as sensing
element and in house custom sensor electronics inside
the sting arm. Temperature compensation is achieved
through a second thermopile sensor which is shielded
from the radiation and therefore experiences
environmental changes (i.e. usually temperature
changes of the whole sensor) the same way as the
radiation sensing thermopile and can be used to
compensate for these changes. An extrapolation of
radiation  fluxes from previous spectrometer
measurements lead to anticipated radiation levels of up
to 70 W/cm?. The sensor, however, had a destruction
limit of 100 mW/cm?®. Therefore, a 50um pinhole was
added to the optical path, limiting the incident total
radiation. The sensing area (1.2 x 1.2mm?) itself was
placed at a defined distance to this pinhole. The optical
path was chosen to blur the radiation flux on the

pinhole to a value acceptable for the sensor (i.e. by a
factor of about 500 in the given configuration).

For the spectroscopic measurements, the optical probe
was swept through the free jet (Fig. 2) with a defined
sweep velocity. During the sweep time the
spectrometer continuously acquired data and stored
them in the local (on-board) memory. Maximum data
acquisition speeds are on the order of 250 Hz with
minimum acquisition times of l.lus for each
individual spectrum. The data acquisition of the
spectrometer was triggered by a 5V TTL (Transistor-
Transistor Logic) pulse once the probe was set into
motion. Both trigger and position readings of the sting
arm were stored in the facility data acquisition system
to enable synchronization with the spectra stored in the
internal memory of the spectrometer. Figure 8
illustrates the measurement strategy showing three
probe positions during the sweep; firstly with the probe
outside the flow, then looking at the nozzle wall with a
shock already building up, and finally at the center line
measuring the sum of plenum and post-shock emission.
However, the results showed that the contribution of
the post shock radiation can be neglected in the given
probe configuration.
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Figure 8. Measurement strategy during Optical
Probe sweep through the plasma flow of the ITHF arc-
jet. a) Optical probe outside the plasma flow, b) probe
“seeing’ the cold wall, and c) at the centre line.
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The useful wavelength range of the combination of
optical fibers, neutral density filters, and spectrometer
was 250-950nm with a full width at half maximum
(FWHM) of about 1.3nm. Acquisition times during
arc-jet testing varied between 10us and 4ms.

In addition to the spectrometer probe, a radiometer was
placed in a second cone on a different string arm to
provide total radiation measurements during the same
arc-jet run. Spectrometer and radiometer data were



calibrated through measurements of integrating spheres
(and a Deuterium lamp for the spectrometer). For the
final calibration of the radiometer, the custom made
electronic board was replaced by a Stanford Research
Systems low noise amplifier. The transfer function of
the electronic circuit board used during testing was
measured separately.

4. [Experimental Results

Different conditions were investigated with each
method. For the plenum diagnostics, data for a high
enthalpy condition with no added air and one low
enthalpy condition with a substantial amount of add-air
are presented since the findings for both cases are
significantly different. For free stream diagnostics and
the radiometric and spectroscopic data looking from
the probe position into the heater, only data for the
high enthalpy condition is shown here.

Plenum diagnostics

As mentioned above, experimental spectra calibrated
through the calibration segment and with the
calibration lamp placed inside the original heater
segment yielded a significant difference in measured
signal strength, with the directly calibrated values
being higher by a factor of about two. Due to
geometrical constraints, direct calibration could only
be applied to the center port. Additional sensitivity
measurements are in preparation for all ports. Until
these data are available, the conclusions are still
considered preliminary. However, with these
corrections applied to the center port measurements,
the radial profiles come closer to anticipated shapes,
showing a maximum at the center instead of a local
minimum and a reasonably smooth profile towards the
wall. Therefore, the results shown here include the
directly calibrated center port measurements and the
off-axis positions calibrated through the measurements
with the calibration segment.

Due to the high temperatures in the plenum region,
substantial dissociation is seen and the major emission
comes from atomic lines of oxygen and nitrogen. A
comparison between simulated and measured spectra in
the wavelength region between 650nm and 915nm is
shown in Fig. 8 for the center line port. The spectra are
qualitatively very similar but the measured data are
higher by a factor of about two.

Since the atomic lines are the major radiators, the
intensities of the oxygen lines at 777 nm and 845 nm
and the nitrogen lines at 745 nm and around 820 nm
were spectrally integrated (in the following this
integral is called line intensity) for an analysis of the
radial distribution. Using the integrated intensities
rather than the peaks accounts for possible differences
of the line shape in experiment and simulation.

Trapezoids defined by the integration limits were used
to account for underlying continuum and molecule
emission in the experimental data. Separate simulations
with only oxygen or nitrogen as radiating species were
used to determine the theoretical line emission. The
resulting radial distributions are used to compare
simulation and experiment.
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Figure 8. Simulated and measured emission spectra
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Since the plasma is considered to be in equilibrium at
these high pressures (up to 8 atm), the atom emission
can be computed as a function of temperature only
using Boltzmann distributions. However, the atom
concentrations will also be a function of the
equilibrium temperature. Oxygen stays almost fully
dissociated in the temperature range of concern.
Therefore, as a first order approach, the difference
between measured and predicted radiation from atomic
oxygen is interpreted as an upper limit for the
necessary modification of equilibrium temperature to
match the experimental data.

For the high condition, the atom emission in
comparison to the simulation is higher close to the
center of the segment. However, a more narrow profile
with a stronger decrease in emission can be observed
towards the wall, as shown in Fig. 9, Consequently,
this yields slightly higher equilibrium temperatures at
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the center by about 300K but a stronger temperature
decrease towards the wall, yielding measurement based
equilibrium temperatures lower by up to 700K close to

the wall (Fig. 10).
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Figure 10. Oxygen line intensity ratio between CFD
and experiment, CFD temperature, and measurement
based temperature vs. line of sight offset from center
line at the high enthalpy condition.

For the condition with significant add-air, spectra,
atom line intensities, and corrected temperatures are
shown in Figs. 11-13 The experimental spectra are
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Figure 12. Predicted and measured radial profiles of O
and N line intensities at the low enthalpy condition vs.
line of sight offset from center line.

significantly higher than the simulation based on CFD.
Even from the qualitative comparison, a higher
temperature can be seen in the experiment since the
emission of atomic nitrogen is clearly seen in the
experimental data while the nitrogen lines do not even
show up in the simulation data if viewed on linear
scale.
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Figure 11. Simulated and measured emission spectra
between 650 nm and 900 nm on the center line at the
low enthalpy condition.
An under prediction of the oxygen emission by a factor
of 50 is observed on the center line. For nitrogen, this
factor increases to ~1000. If the same approach of
interpreting these factors as a necessary modification
of equilibrium temperature is applied, the CFD
temperature needs to be higher by up to ~1500K
throughout the whole profile.
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Figure 13. Oxygen line intensity ratio between CFD
and experiment, CFD temperature, and measurement
based temperature vs. line of sight offset from center
line at the low enthalpy condition.

For a further interpretation of these data, a
parameterized variation of equilibrium profiles for each
condition is being computed to be used as input for
NEQAIR computation. Through an optimization of the
underlying temperature profile, a best matching
spectral simulation is anticipated to be found, which
should yield an enthalpy profile to match the
measurements. If a characteristic pattern can be found
once this process is performed for a number of
conditions, this data might serve as experimental input
to the starting condition for CFD computation of the
heater flow.

Free Stream Diagnostics

The data presented here were taken with different set-
ups in different resolutions over a period of about 2
years, with independent calibrations. The spectra data
obtained with the different set-ups are in excellent
qualitative and quantitative agreement, which
underlines the stability of the condition.

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). No significant
atom emission could be detected.
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In a first approach, simulated spectra were generated
by using the DPLR solution along the lines of sight as
input for NEQAIR. However, the measured data differ
substantially from 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 not be
rebuilt with the CFD vibrational temperature used as
the electronic excitation temperature -- overpopulation
factors of about 6 orders of magnitude were required to
match experimental and simulated NO radiation as
demonstrated in Fig. 14,
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Figure 14: 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 3200 K temperature taken from CFD.
Similar temperature values have already been reported
in earlier investigations of arc-jet flows [l1,,3] and

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 from v'=0 was outside
the measured wavelength range.
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Figure 15: Measured VIS/NIR centerline spectra at
high condition and scaled CFD simulation with
modified N, B state vibrational populations for selected
levels.

To analyze these spectra, the population of each upper
vibrational state was extracted from NEQAIR. By

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 a
separate electronic excitation temperature is adopted.
This indicates the presence of inverse pre-dissociation
processes as successfully introduced by Seong et al.
[L1] for the interpretation of similar data obtained in
the NASA Ames Aero Heating Facility (AHF) [13].
Future analysis of the spectra will focus on this topic.
In the VIS/NIR region between 500nm and 900nm, the
spectrum is dominated by emission from the N, 1%
Positive system as shown in Fig. 15 a). The simulation
based on Boltzmann populations for the rotational and
vibrational excitation does not even qualitatively fit the
measured data as seen in the same figure. 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 1 5,b).

Best agreement was achieved for wavelength regions
which are dominated by high vibrational quantum
numbers (i.e. between 520nm and 600nm). The highest

multiplying the above scaling factors with these upper
state densities, a measured upper state population
density for each vibrational quantum number is
obtained. These numbers are independent of
temperature or equilibrium assumptions which were
used to generate the original spectrum.

In the NEQAIR simulation based on the CFD solution,
the upper vibrational levels are populated through a
Boltzmann distribution. The population densities are
decreasing with vibrational quantum number in an
exponential manner as shown in Fig. 16,(a). Here, the
population densities are integrated along the simulated
line of sight, therefore given as a column density of
units cm™. The population of high vibrational levels is
very low -- almost 100% of the population of the
electronic state can be found at vibrational quantum
numbers lower than v, = 7.

The measured vibrational population, on the other
hand, decreases from high values at low vibrational
quantum numbers up to v,= 7 but starts increasing
again with maximum values at v,= 13 as shown in
Fig. 16,(b). Almost half of the measured population
density of the electronic state (excluding v, = 0, 1) can
be found in levels with v,>7. As discussed earlier, the
measured data are considered less reliable for lower

o

eR B BB R BB

o

[V |
S A

1o olFE:

o

eR BB Ry

2Bigx



vibrational quantum numbers, therefore the curves are
plotted with dashed lines for v,<7.
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Figure 16: Population densities of different vibrational
levels of the N, B state based on a) CFD simulation
and Boltzmann distribution and b) Abel inverted
measurements.

The emission of nitrogen molecules due to excited state
chemistry also appears in afterglows such as the Lewis-
Rayleigh afterglow [l5]. One major process is the
inverse pre-dissociation of ground state atoms [N(*S)]
into excited molecular states of nitrogen. Due to the
quantum mechanical selection rules, the ground state
atoms can only form the X'2,", A’2,", A”°%,", and '%,"
states, of which the latter one is repulsive [[|&]. These
states (in particular N, A’SEQ) then, through collisions
and/or level crossing processes, may populate preferred
vibrational levels of other states such as N, B’II, and
N, B3, which are the upper states of dominant
radiative transitions such as the N, 1% Pos. system
(N, BT, & N, A’S,)") or the N, afterglow system
(N, B”2,” & N, B’Il,). Pre-dissociation and level
crossing into the N, B3Hg state is known to preferably
populate v,=13 [l1]. For the population of lower
vibrational levels, different explanations are given e.g.
by intrastate vibrational relaxation or 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 [l 5].

ENERGY, em™? x 103

15 ) 35 @5 55
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Figure 17: Potential crossing between the N, A’SZQ,
and N, B o states.

The level crossing processes have been investigated by
Partridge et al. [|&] who showed that a level crossing
from the N, A’SE‘.g+ state to the N, B3Hg state can only
occur into vibrational levels with v, >10, and higher
vibrational levels showing a larger potential overlap,
thus giving higher crossing rates.

In the experimental data, no significant contributions of
vibrational levels higher than v, =13 could be found.
This is consistent with the measurements of Laux et al.
[l5] and Ung [17] who also suggested that the

principle mechanisms for the population of v, >13 are
substantially different from those populating v, =13.
These correlations are interpreted as a clear indication
for the inverse pre-dissociation through the N, A”°%,"

state being a dominant process for the molecular

radiation at the measured conditions. To further
interpret these results, the sum of all populating and
depopulating 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, Tians, Tvibs Nel, NN2

+ Radiative depopulation to the N, A state (N, 1* Pos.
System), and radiative cascade population from the
N, C state (2" Pos. System).

* Level crossing processes to other excited states

* Quenching due to heavy particle collisions

The following assumptions are employed:
* Thermal/vibrational excitation of the high vibrational
levels is negligible, meaning that knowledge of T, or
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Ty, 18 not necessarily required if the analysis is
restricted to these levels.

* The major radiative processes can be covered
through measurements 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 without employing explicit
rates.

* The upper and lower bound for quenching can be
determined under assumptions of no quenching and
full quenching (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 first 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 lower bound for
the nitrogen atom particle densities can be derived
from balancing the measured N, B excited state
populations and the atom ground state densities with
the inverse pre-dissociation coefficient. Theoretical and
experimental investigations of the afterglow describe
the pre-dissociation and its inverse. An integral rate
coefficient for the inverse pre-dissociation of nitrogen
ground state atoms into the upper vibrational state
v,=12 of the N, B state was for example given by
Benson [13] in the form:

[NoB"?)*] =K« [N]’
with K3=107 litre/mole = 4.17 x 10> cm’

As a preliminary consistency check of the excited state
populations determined in former investigations [2],
the Abel-inverted upper state densities of the N, B state
between vibrational quantum numbers of v, =8 and v,
= 13 shown in Fig. 6 were summed, and the
corresponding upper bound ground state density of
nitrogen atoms was calculated. This implies the
assumption that the major population happens through
v,=12, and the resulting upper state density is
distributed to the other levels through vibrational
relaxation. As a lower bound, the same procedure was
repeated for the upper state density of v, =12 only
under the assumption that no significant depopulation
through vibrational relaxation occurs. The results are
compared to the nitrogen particle density taken from
the CFD solution. The theoretically highest possible
nitrogen particle density would be given if all nitrogen
was dissociated, therefore this case was computed as
well. The results are shown in Fig. 18,
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Taking into account the very crude way of computing
these values (i.e. neglecting all other population and
depopulation processes for the N,B state and the fact
that Benson’s reaction coefficient is given for a
temperature of 300K) the results agree very reasonably
with the CFD solution. In fact, the solution using the
upper state density of v, =12 only reproduces the CFD
values rather well. Similar processes can be formulated
for NO[11] giving access to the product of ([N] [O]).

Currently, rate coefficients for the excited state
chemistry of N, are being determined from ab-initio
computations at NASA Ames which are anticipated to

yield a more accurate analysis of these data.
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Figure 18: Atom densities computed from N, B upper
state densities in comparison to CFD data.

Incident Radiation on an Optical Probe

Data with both 6-inch and 13-inch nozzles were taken
at positions of 3 and 10 inches to the nozzle exit,
respectively. Repeated measurements during different
sweeps at the same condition gave fairly consistent
results. The spectra are dominated by a strong
continuum overlaid by bound-bound radiation from
atomic nitrogen and oxygen and from molecular
systems from N, and N, If an arbitrary continuum is
fitted to the spectra, the bound-bound radiation can be
separated from the measured spectra by subtracting this
continuum. The spectral distribution of incident
spectral irradiance (or spectral radiative heat flux)
between 250 and 950nm on the IHF center-line and the
resulting continuum and bound-bound spectra for the
high enthalpy condition (MSL-8) with the 6-inch
nozzle are shown in Fig. 19.

The main bound-bound radiation at wavelengths above
600nm comes from oxygen and nitrogen atom lines.
Below 500nm, the molecular bands from N, and N," in
the near ultraviolet are strong emitters. NO radiation is
expected to dominate below 250nm. The continuum
radiation increases with lower wavelengths and peaks
slightly below 350 nm. At the MSL-8 condition, 80%
of the measured radiation comes from continuum
emission. Although NEQAIR [9] simulations based on
solutions of the flow field starting in the plenum of the
arc-heater all the way downstream to the probe position
are available, it has been shown in the analysis of the
results with the 13-inch nozzle that the main radiation
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Figure 19. Measured spectral irradiance, continuum fit to these spectra, and resulting bound-bound spectra at the

MSL-8 condition.

seen by the optical probe is generated upstream of the
simulation regime [3].In particular, the experimentally
observed continuum radiation is not present in the
simulation.

As expected, the measured spectral irradiance at the 6-
inch nozzle location shows a significant increase in
comparison to the measured data at the 13-inch nozzle
location The spectra are qualitatively similar but the
ratios for bound-bound and continuum radiation are
different. For the MSL-8 condition, the bound-bound
radiation increased by a factor of 5.25 while the
continuum only increased by a factor of 2.45.

Since the internal flow field inside the arc heater does
not depend on the choice of nozzle, the incident
irradiance (or radiation heat flux) at the probe position
only depends on geometric view factors (assuming the
contribution of the post-shock system in front of the
probe to be negligible). The test location for the 6-inch
nozzle is at a distance of 3 inches to the nozzle exit.
The distances to the nozzle throat are 11.3 inches and
31.2 inches for the 6-inch nozzle and the 13-inch
nozzle, respectively. With both nozzles, the conical
section of the field of view of the optical probe extends
to the cathode section before the inner wall of the
heater truncates the field of view. Therefore, the view
factors for these regions are constant in both cases and
a ratio of 8.3 (6-inch nozzle to 13-inch nozzle) can be
calculated for the view factor. The view factors for the
regions upstream from the cathode, however, approach
each other with both nozzles. At a location of 50 inches
(1.27m) upstream of the nozzle throat, the ratio
between both nozzles decreases to 2. Figure 20
illustrates the ratio between the two view factors in the
IHF internal geometry. From the comparison of
measured and simulated radiation heat fluxes at a
distance of 10 inches to the 13-inch nozzle it can be
concluded that more than 95% of the radiation heat

flux is generated in the discharge region (i.e. from the

cathode position all the way upstream through the 15

feet (~4.6m) long arc-column). If, as a zeroth-order
approximation, the thermochemical state inside the arc
is considered to be constant (i.e., the same amount of
radiation is emitted at each axial position), the incident
radiation can be estimated by an integration over the
view factors along the heater axis as plotted in Fig. 20.
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Figure 20. Ratio in view factors along the IHF axis
between a test location of 10 inches distance to the 13-
inch nozzle and 3 inches distance to the 6-inch nozzle
for the same heater settings.

This very preliminary estimate of the contributions of
the different arc-heater regions yields 30% radiation
from the cathode region and 70% from the arc column
for the 13-inch nozzle configuration. With the 6-inch
nozzle, this ratio is approximately 50/50. These results
yield an estimate of an increase in radiation heat flux
by a factor of 3.3 by switching from a distance of 10
inches to the 13-inch nozzle exit to a location 3 inches
from the 6-inch nozzle exit. However, absorption
inside the plasma is not taken into account in these
considerations. If the majority of radiation is generated
in the cathode region (which would be the case if the
arc-column is optically thick), the factor increases up
to 8, which is considered an upper bound for the
radiation increase between the two locations.
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Comparing these estimates to the measured ratios at the
MSL-8 condition (5.25 for bound-bound radiation,
2.45 for continuum), the majority of the measured
bound-bound radiation must be generated in the
cathode region of the arc heater. The measured
continuum radiation, however, seems to be generated
mainly close to the upstream electrode in the first part
of the arc-column.

12500-15000K_
: 10000-12 500K
7500-10000K
5000-7500K
2500-5000K - _
- _0-2500K

L

temperature, K

500

g 2
discharge cha

Figure 20. Temperature distribution in the IHF
discharge channel at the MSL-8 condition computed
with ARCFLO [17].

This result is in qualitative agreement with preliminary
computations with the NASA code ARCFLO [17] of
the plasma inside the arc-column showing a peak
temperature decrease from about 15000K downstream
of the anode to about 9000K in the cathode region, as
shown in Fig. 20. Therefore, the arc-column seems to
be at least partially optically thick for bound-bound
radiation but not for continuum radiation.

Finally, radiation heat fluxes in the wavelength range
from 250nm to 950nm were determined from the
measured spectra by summing the emission spectra and
multiplying with the corresponding wavelength
increment for each pixel. Integrated over the spectral
range from 250nm to 900nm, a value of 33 W/em® is
obtained for the high enthalpy condition MSL-8 which
accounts for ~70% of the radiation heat flux measured
in the radiometer set-up. Therefore, 30% of the
radiative heat flux is produced in the UV between
160nm and 250nm and above 950nm, where the
spectrometer set-up shows insufficient efficiency.
From a theoretical simulation of the MSL-8 condition
[2], about 44% of the total radiation was expected to be
generated in the wavelength regions covered by the
spectrometer data. The vacuum UV region below
160nm, which was not covered in the measurements,
did contribute only with 1.2% of the total simulated
radiation. The larger contribution of UV-NIR radiation
as seen in the measurements may be attributed to the
continuum radiation. However, the simulation regime
was restricted to the region between plenum and probe
and therefore did not include the discharge region
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which contributes more than 95% to the total radiative
heat flux. The next step will be to use the preliminary
computations of the temperature in the discharge
region to compute the chemical composition based on
equilibrium assumptions. These values may then be
used as input to NEQAIR to generate simulated spectra
along lines of sight all the way to the probe position to
simulate the spectral radiative heat fluxes.

The measured radiation heat fluxes scale almost
linearly with the applied electrical power and with the
calorimeter heat flux but not with the measured bulk
enthalpy and account for up to 1.5% of the total heat
flux to a 4-inch hemispherical calorimeter or 2.7% to a
flat face. This may be considered negligible with
respect to current uncertainties in measured heat flux.
However, the measured spectra present an excellent
opportunity to characterize the plasma inside the arc-
heater.

5. SUMMARY AND CONCLUSIONS

A series of plasma diagnostics campaigns in the NASA
Ames IHF arc-jet facility was conducted to
characterize the conditions in different sections of the
facility.

In the plenum of the arc-heater, comparison with CFD
results showed a more varied radial emission profile in
the experiment for the case of minimum added room
temperature air and maximum bulk enthalpy of 21.6
MJ/kg. At the case with high add-air and low bulk
enthalpy, the experimental results show a significantly
higher plasma temperature. A preliminary estimate
shows that the CFD temperature needs to be higher by
about 1500K to match the measured spectra. Currently,
a system to deduce enthalpy profiles from these
measurements is in development.

The free stream measurements showed much stronger
molecule emission from N, and NO than predicted
based on the CFD computation. For the N, 1% Pos.
system it was shown that inverse pre-dissociation gives
a good explanation for the over population of high
vibrationally excited levels. Applying a literature value
for this process shows that the resulting N atom
concentration determined from the molecule radiation
is well within the theoretical limits for this plasma
condition and surprisingly close to the CFD solution.
For future analysis, ab-initio rate coefficients for
inverse pre-dissociation-and-inclusion-of more detailed
modelling of population processes is anticipated to
yield more reliable results for the atom densities, and
therefore for the chemical contribution to local specific
enthalpy.

The measured incident radiation on a probe surface at
the material sample position shows that radiative
heating from the inside of the arc-heater accounts for
less than 3% of the total heat flux to a flat surface. The
spectra showed strong continuum components which
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are attributed to bound-free continua generated in the
discharge channel. A spectral simulation of these
signals based on an ARCFLOW solution is currently a
work in progress.
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