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Radiation spectroscopy of high-enthalpy flows in a 110-kW-class inductively coupled plasma wind tunnel is
conducted to improve the accuracy of the radiation code and to measure the flow properties in the test section of the
wind tunnel in detail. Imaging spectroscopy is done to obtain radial profiles of emission spectra at a single moment,
from which the radial distribution of the emission intensity is determined by the inverse Abel conversion. The
molecular temperature and the chemical species concentration are determined by the spectrum fitting method
through the use of the radiation code, SPRADIAN2. To accomplish better agreement between the numerical
predictions and experiments, the theoretical model and the spectroscopic data for the radiation code are replaced
with more accurate data to reflect the recent experimental and theoretical results. As a result, the radial distributions
of the temperature, the concentration of the impurities as well as the major chemical components, and the flow
enthalpy are accurately determined for nitrogen and air flows in the test section of the wind tunnel.

I. Introduction

ADIATION spectroscopy is one of the powerful tools used to

measure the thermodynamic properties of high-enthalpy flows.
It is often more favorable than other diagnostic techniques because it
allows us to keep flows undisturbed without any insertion of probes
into the flow [1,2]. However, it is often difficult to directly measure
the flow properties from the observed emission, because radiation
from a high-temperature gas is produced as a result of complex
physical processes in the flow. That is, the emission spectrum
essentially depends on the chemical species concentration and the
internal level population, which are determined as a result of
chemical reactions and thermal relaxation, respectively.

With regard to atomic species, it is not difficult to determine the
relative level population of electronic states from individual atomic
line intensities, because atomic lines can be distinctively measured
apart from other spectral lines and continua. In contrast to this, it is
more difficult to determine the level population for molecular
species, especially when the spectral resolution is not so high,
because individual rotational lines merge and form a series of band
spectra as a whole. To determine the molecular level population or
temperature, it is necessary to use the trial and error method in such a
way that the emission spectrum is computed by changing the level
population and the species concentration until the observed spectrum
can be numerically reproduced. This is the so-called molecular
spectrum fitting method. Because the accuracy of the rotational and
vibrational temperatures so determined is expected to depend on the
accuracy of the analytical model and the numerical procedure used to
compute the emission spectrum, it is necessary to use an accurate
radiation code for the temperature measurement.

In previous studies, the authors developed a line-by-line radiation
code, SPRADIAN [3], which was applied to assess the radiative heat
transfer rate of the HAYABUSA sample return capsule reentering
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the Earth’s atmosphere at a hyperbolic velocity [4] and to measure
the rotational and vibrational temperatures of N, and N5 behind a
strong shock wave using the molecular spectrum fitting method [5].
In both studies, because the required spectral resolution was not so
high, spin splitting of molecular multiplet states was not incorporated
into the model. The molecular rovibrational level was described by
the power series of the rotational and vibrational quantum numbers
with only low-order terms using the spectroscopic constants 7',, ®,,
WX gy WY, WeZes B, and ¢, In addition to these simplifications, the
accuracy of SPRADIAN has not been sufficiently validated by
spectroscopic measurements.

Recently, in an attempt to improve SPRADIAN for the purpose of
molecular spectroscopy with high spectral resolution and radiation
analysis of the planetary atmospheric entry with ablation of the
thermal protection system (TPS) involved, the spectroscopic
database has been updated with the additional atomic and molecular
species. The analytical model has been improved to take into account
spin splitting of multiplet states. In this paper, the accuracy of the
improved version, SPRADIAN?2, is validated by the spectroscopic
measurement using an inductively coupled plasma (ICP) wind tunnel
as a quasi-stationary plasma source. Finally, the flow properties in
the test section of the ICP wind tunnel are determined in detail.

II. Experimental Procedure
A. Inductively Coupled Plasma Wind Tunnel

The present measurement was conducted in a 110-kW-class ICP
wind tunnel, which was recently developed at the Aerospace
Research Center, Japan Aerospace Exploration Agency [6]. The
experimental setup is schematically illustrated in Fig. 1. The ICP
heater has a cylindrical discharge chamber made of quartz glass with
a75 mm inner diameter, which is covered by an outer sleeve made of
quartz glass to form a cooling water jacket of 2 mm in thickness
between them. The heater operates by supplying 1.78 MHz radio-
frequency current to the three-turn induction coil up to 110 kW of
power. In the typical operation at 90 kW, the operational mass flow
rate of the air can be changed from 1.5 to 2.0 g/s. The thermal
efficiency deduced from the thermal balance of the heater is
estimated to be 30%, realizing the test flow enthalpy of
14-18 MJ/kg. The heater is horizontally mounted to the vacuum
chamber in which the ambient pressure is controlled. The heater can
operate at ambient pressures from 1 to 10 kPa, depending on the gas
flow rate and the electric input power. More detailed information
may be found in [6].

In comparison with the arc-heated wind tunnel, the primary
advantage of the ICP wind tunnel is that it can produce a
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Fig. 1 Schematic view of the experimental setup.

high-enthalpy flow with less contamination of eroded electrode
materials, because the working gas is heated by electrodeless
discharge. Such a characteristic is favorable for the evaluation of TPS
performance and assessment of the surface catalysis of the TPS
material [6]. In addition to this primary advantage, the ICP wind
tunnel can work as a good plasma source, generating a quasi-
stationary and local-thermochemical-equilibrium (LTE) plasma in
the downstream region of the heater, because the flow in the test
section is low subsonic and the pressure remains sufficiently high
without nozzle expansion (see Fig. 1). This allows us to concentrate
our attention on only the radiation mechanism instead of the
chemical kinetics and the thermal relaxation in the spectroscopic
measurements.

B. Imaging Spectroscopy

In the present measurement, one-dimensional imaging spectro-
scopy was conducted to obtain the radial distribution of the emission
spectrum from the test flow. A one-dimensional radial image of the
radiating gas is focused by a quartz lens on an objective slit of the
spectrometer and then separated into its spectral components by an
Acton SpectraPro 5001 imaging spectrometer, generating a spatial vs
spectral image on the photosensitive surface of an ANDOR DH520
image-intensified charge-coupled device (ICCD) camera attached to
the spectrometer. To increase the signal-to-noise ratio, the spatial
components of the ICCD pixels are accumulated at an interval of
every 7 pixels to form a multiband image. This realizes a 1.60 mm
spatial resolution in the radial direction at the center of the test flow.
The imaging spectroscopy is performed in the wavelength range of
200-900 nm. An overall spectrum is constructed from eight
individual images that cover 200-300, 300—400, 350-450, 450-550,
550-650, 650-750, 750-850, and 800-900 nm wavelengths,
respectively. The spectroscopic system is calibrated as a whole by
using an Optronic Laboratories UV-40IR deuterium lamp and a
550 C standard tungsten lamp.

Because the overall spectrum is constructed from the eight
individual spectra, the accuracy of the overall spectrum is subject to
the stability and reproducibility of the plasma source during the
operation. To check the stability of plasma in the discharge chamber,
a Hamamatsu Photonics C6386 photosensor with a20 MHz response
was used to monitor the total intensity of light emitted from the coil
center where heat generation is the most intense, in addition to
accurately controlling the input power, the gas flow rate, and the
ambient pressure in the test section. A typical example of the output

signal from the photosensor and the frequency distribution obtained
by afast Fourier transform analyzer is shown in Fig. 2. In general, the
emission from the coil center is satisfactorily stable with a fluctuation
of less than 5% in the operational power range, and the fluctuation
increases as the input power decreases out of the operational power
range. The signal contains noises at 50 Hz and overtone frequencies,
as seen in Fig. 2b. These noises originate from the ac power supplied
to the power unit of the ICP heater. A noise frequency of 1.78 MHz
observed in Fig. 2¢c corresponds to the resonance frequency of the
electric circuit in the power unit.

From these measurements, the test flow produced by the ICP
heater can be regarded as a quasi-stationary plasma as long as the
measurements are made on a time scale sufficiently longer than
20 ms. To fulfill this requirement, the exposure time of the ICCD
camera was set to 200 ms to obtain a time-averaged spectrum. A
series of spectroscopy from the short to long wavelength ranges was
repeated 10 times to produce an average spectrum. In general,
deviation of an individual spectrum from the average remains less
than 3% over the entire wavelength range.

III. Radiation Code

In the present study, an improved version of the radiation code
SPRADIAN, named SPRADIAN2, was used to compute a numeri-
cal spectrum. SPRADIAN is a multipurpose software package for
radiation analysis [3], used not only to compute emission and absorp-
tion coefficients in a line-by-line manner [7] but also to perform
multidimensional radiative heat transfer calculations [4,8]. The
bound—free and free—free electronic transitions are taken into
account as well to produce a realistic numerical spectrum containing
continua. A detailed description of the radiation theory, the mathe-
matical model, and the numerical procedure incorporated into
SPRADIAN is given in [3]. Problems in the old version of
SPRADIAN are that 1) spin splitting of multiplet states is not
accurately taken into account; 2) the rovibrational level is expressed
by the power series of the rotational and vibrational quantum num-
bers with only low-order terms using the spectroscopic constants, 7,
W, WpXgy WYes WoZes B, and o, ; 3) the chemical species included in
the database are not sufficient for widespread application; and
4) code verification by means of experiment has not been done. In
SPRADIAN?2, these problems are reasonably settled as described
herein.

In most applications, unless a spectrum with great resolution is
concerned, lambda-type doubling has little influence on the spectrum
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Fig. 2 Fluctuation of the total radiation intensity measured at the coil center: a) output signals of the photosensor at alow time resolution, and frequency

distribution in a b) low, and c) high frequency range, respectively.

shape [9]. For this reason, the lambda-type doubling is left neglected
in SPRADIAN? as before. Because the spin splitting in ¥ < X
transitions is negligibly small, these transitions are uniquely regarded
as the 'S <> 'Y transition without the spin splitting. Consequently,
the electronic transitions of 2I1 < %X, 31 < 3%, 'II « 'II,
’T1 < 211, and 31 <> *I1 are newly incorporated into SPRA-
DIAN2, following the mathematical model described in [9].
However, in the preliminary calculations, the spin splitting in the
IT < II transitions was found to have little influence on the
spectrum shape at a moderate spectral resolution. For this reason, for
the purpose of reducing the computational time, the IT < IT
transitions are allowed to be replaced with the 'S <> 'S transition
according to user’s intension.

The database of SPRADIAN2 currently includes 13 atomic
species (H, He, C, N, O, Ne, Ar, He™, C™, N*, O*, Ne*, and Ar™)
and 12 molecular species (H,, C,, N, O,, N;r, CH, NH, OH, CN,
CO, CO™, and NO) with 37 electronic transitions (for details, see
[10]). Intense band spectra of hydrides and carbonic species are
newly added in this study to cope with the unresolved band spectra
observed in the previous measurement [11]. To numerically
reproduce the experimental spectrum emitted from the air and
nitrogen test flows containing impurities, the gas species and the
electronic transitions shown in Table ] are taken into consideration in
this study. The atomic energy levels and the transition probabilities

of H are taken from [12], and those of C, N, O, C*, N*, and O" are
taken from [13]. On the other hand, the rotational-vibrational—
electronic transition probability of the molecular species is computed
using the spectroscopic constant and the electronic transition
moment taken from the references listed in Table 1. The rovibrational
level is expressed with higher-order terms, that is, the vibrational
term, T, is given by a seventh-order polynomial of (v + 1/2),
whereas the rotational constants, B, and D,, are expressed in a
polynomial expression of the fifth and the second orders,
respectively.

IV. Experimental Results
A. Overall Spectrum

In the present measurement, the ICP heater was operated at the
input power of 90 kW while maintaining the ambient pressure at
10 kPa in the test section. Nitrogen and air were used as the working
gases. The flow rate of nitrogen and air supplied to the ICP heater was
setto 1.7 and 1.8 g/s, respectively. Radial imaging spectroscopy of
the test flow was performed in the test section at a 592 mm distance
downstream from the coil center. A typical example of the radial
imaging spectrum from 350 to 450 nm is shown in Fig. 3. In this case,
the imaging spectrum consisted of 36 individual spectra at every
1.60 mm radial position. Taking an average over 10 imaging spectra,
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Table 1 Gas species and electronic transitions taken into consideration to compute a numerical spectrum
for air and nitrogen test flows containing impurities

Spectrum type Species References
Atomic lines H,C,N,O,C*,Nt, Ot [12,13]
Molecular bands N,A< X, B« A C<Ba<X, b X, b <X [14-16]
0, (B < X) [14-16]
Nf A< X,B<X,C < X) [14-16]
CH(A < X,B < X) [14,17-19]
NHA < X,c < a,c < b) [14,20-23]
OH (A < X) (14,24.25]
CNA < X,B< X) [14,26-28]
NOA < X,B<X,C< X,D < X) [14,29-32]
Bound-free continua H+hv < HY 4+ e [3]
C+hv<Ct+e [3]
N+ hv < Nt + e [3]
O+hv< O +e [3]
O +hv<O+e [31]
Free—free continua * N,, N, O, and arbitrary ions [3]

“The species of free—free continua is substituted with the ones accelerating electrons effectively

an averaged imaging spectrum was produced. The averaged imaging
spectrum was calibrated according to the sensitivity of the optical
system and the spectrometer and was smoothed in the radial direction
at each wavelength. Finally, the radial distribution of the emission
intensity was determined by the inverse Abel conversion. This
procedure was conducted for the eight wavelength ranges. The
overall spectrum was obtained by connecting the eight individual
spectra.

The overall spectrum of emission intensity at each radial position
is shown in Fig. 4a for the nitrogen test flow. The spectrum is
composed mainly of the first negative (1—) system and the Meinel
system of N3, and the first positive (1+) system and the second
positive (24) system of N,. Although nitrogen is used as the working
gas, the emission from NO, OH, NH, and CN, which are contained as
the impurity, is seen to be prominent in the short wavelength range
below 400 nm. Atomic carbon is considered to come from the
contaminated wall, whereas oxygen and hydrogen are considered to
originate from molecular oxygen and water vapor remaining in the
ambient gas of the test section. This is because, at the moment of this
measurement, there was no way to completely evacuated the test
section so that the ambient gas was not replaced with the working gas
before ignition of the ICP heater.

The overall spectrum of emission intensity for the air test flow is
shown in Fig. 4b. In contrast to the nitrogen test flow, the most
intense emission is seen to originate from NO, whereas the emission
from N, and N is considerably reduced. It is also noted that the
emission from CN, OH, and NH is one of the major components of
the overall spectrum in the short wavelength range below 400 nm. At
r = 32 mm, the emission from OH is the most intense over the entire
wavelength range. These results suggest that, to analyze the radiation
spectrum observed in the test flow of the ICP wind tunnel, it is

Wavelength, nm

Fig. 3 Typical example of a radial imaging spectrum from 350 to
450 nm obtained in the air test flow.

necessary to keep in mind that emission from impurities often affects
the overall spectrum. When measuring the temperature using the
spectrum fitting method, the neglect of such emission may reduce the
accuracy of the estimated temperature.

B. Spectrum Fitting

The purpose of spectrum fitting is to measure the flow properties
such as the temperature and the concentration of chemical
components in the test section of the ICP wind tunnel and to examine
the accuracy of the radiation code as well. When a satisfactory
agreement between the observed and computed spectra is obtained, it
can be concluded that the theory, the spectroscopic data, and the
numerical procedure used to compute the spectrum are correct as a
whole and that the flow parameters used to reproduce the observed
spectrum coincide with those of the test flow.

In the previous study [11], the authors roughly measured the
molecular temperatures in the test flow, finding that the flow is close
to local thermal equilibrium. This is because the flow is low subsonic
and the pressure remains sufficiently high in the absence of nozzle
expansion (see Fig. 1). The molecular temperature was found to lie
between 4000 and 6000 K at the center of the test flow. The computa-
tional fluid dynamic simulation of the ICP heater has also shown that
the flow in the test section is close to thermal and chemical equilib-
rium [33]. Based on these results, numerical spectra were computed
by SPRADIAN?2 using the equilibrium chemical composition at
temperatures from 3000 to 7000 K at every 50 K. The spectral
matching criteria is to minimize the performance function

= l/10.) = 1P/N M

where I; and I(A;) are the measured and calculated emission intensity
at the wavelength A;, respectively, and N is the total number of the
wavelength data points in the measured overall spectrum. However,
as already described, the measured spectrum contains considerable
emission from the impurities that are not included in the equilibrium
composition for nitrogen and air. To take this into account, at each
temperature, the emission intensity of the impurity was computed
and added to the original numerical spectrum by changing its molar
concentration until the performance function could be minimized.
Because the molar concentration of the impurity is very small in
general, the existence of the impurity was assumed to have no
influence on the original equilibrium composition of the major
species.

The final fitting results are shown in Figs. 5 and 6 for the nitrogen
test flow and in Fig. 7 for the air test flow. As seen in Fig. 5, an
excellent agreement between the measured and computed spectra
can be obtained at the center of the test flow by setting the
temperature to 5800 K in the calculation. In this case, based on the
equilibrium composition of nitrogen at 10 kPa, the number density of
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N,, NJ, N, and N* is set to 7.37 x 10?2, 1.07 x 10'8, 5.12 x 102,
and 6.75 x 10'® m3, respectively, whereas that of O, NO, CN, and
NH as the impurity is assumed to be 2.0 x 10%!, 8.0 x 10",
1.0x 107, and 2.0 x 107 m™3, respectively. Agreement is
degraded to some extent with increasing the distance from the flow
center, as seen in Fig. 6. This is because the unresolved emission, the
source of which has not been identified yet, increases in the
wavelength range of 500-650 nm. In Fig. 7, the numerical spectrum
for the air flow agrees well with the observed spectrum as well. In the
air test flow, the emission caused in the reaction O + ¢ — O~ + hv
and that from the NO f system form the baseline of the spectrum in a
wide wavelength range, as illustrated in Fig. 7. Most of the band
spectra lying between 300 and 400 nm are those from the impurities.

The influence of the emission from OH, NH, and CN on the overall
spectrum is illustrated in Fig. 8. Because the overall spectrum from
200 to 900 nm is used in the spectrum fitting procedure, the emission
from these species does not have significant influence on the
estimated temperature in the present measurement. However, when
wavelengths observable in the measurement are limited, it is clear
that the emission from CH, CN, and OH should be taken into account
to accurately reproduce the spectrum, unless the impurities in the test
section can be sufficiently eliminated.

In Fig. 9, a comparison is made between the numerical spectra
computed by SPRADIAN version 1.6 (the old version) and

SPRADIAN? for the nitrogen test flow. Considerable differences are
seen in the spectrum below 290 nm and between 570 and 700 nm,
which are caused by the differences in the shape of the band spectra
from NO and N,, respectively. The NO spectrum ranging below
290 nm is composed of the 8 (B2IT < X?I1), y (A% < X?I1), §
(C’T1 < X°I0), and € (D*T < X°I1) systems. It is known that the
spectrum from the 2% <> 2I1 transitions is poorly represented unless
the spin splitting is considered [7]. Because the spin splitting for the y
and € systems is accurately incorporated in SPRADIAN?2, the
agreement between the numerical and observed spectra is
sufficiently improved. On the other hand, the spectrum above
550 nm mainly consists of the N, first positive system
(B’T1 <> A3Y), which has moderate spin splitting. The poor
agreement of the numerical spectrum obtained by the old version is
attributed to inaccuracy in the transition probability included in the
old database as well as neglect of the spin splitting. Improvement in
the radiation code does not bring about noticeable differences in the
spectrum from other transitions. In this study, because the overall
spectrum from 200 to 900 nm is used to determine the temperature by
the spectrum fitting method, the most probable temperatures deduced
by using SPRADIAN and SPRADIAN?2 are identical in most cases.
However, uncertainty in the estimated temperature is reasonably
reduced by using SPRADIAN?2, because the experimental spectrum
is better reproduced by SPRADIAN2.
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Fig. 9 Comparison between the numerical spectra computed by SPRADIAN and SPRADIAN? for the nitrogen test flow; radial position = 0 mm.

In principle, the broad shape of the molecular band spectrum is electronic states involved in the transition [9]. According to the
determined by the relative intensity of the electronic—vibrational references listed in Table 1, the spectroscopic constant used to define
transition probability, or the Franc—Condon factor, which is the intramolecular potential in SPRADIAN?2 is so accurate that the

determined from the intramolecular potentials of the upper and lower spectrum shape can be calculated within a 10% error in this study.
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Accordingly, the computed spectrum intensity, /; in Eq. (1), has a
10% uncertainty, resulting in the corresponding uncertainty in the
performance function. Neglecting the high-order terms, the
uncertainty in the performance function is approximately given as

N
88 ="y 2/1,/I() — 1|/N x 0.11,/1(%)) 2)

To estimate the temperature from the measured spectrum, the
optimum temperature is first searched for by minimizing the
performance function given by Eq. (1), and then the uncertainty in
the minimized performance function is calculated by Eq. (2). The
sum of the minimized performance function and the uncertainty
gives the tolerable maximum value of the performance function.
Finally, the temperatures that can make the performance function
less than the tolerable maximum value give the margin of error about
the optimum temperature. In Fig. 10, a comparison is made between
the numerical spectra calculated by setting the temperature to 5600,
5800, and 6000 K for the nitrogen test flow. It is seen that a small
change in the temperature causes a considerable change in the
spectrum shape, resulting in a significant increase of the performance
function. In this case, the estimated temperature is 5800 K with a
margin of error of £100 K.

C. Radial Distribution of Temperature and Chemical Composition

The determined temperature is plotted against the radial distance
from the flow center in Fig. 11. The data are only available within a
32 mm radial distance, because emission from the test flow rapidly
decreases beyond that. The temperature at the flow center is found to
be slightly higher in the nitrogen flow than in the air flow. Because
the test flow is low subsonic without acceleration by a nozzle, the
kinetic energy of the flow is negligibly small compared with the
thermal energy and the chemical potential. For this reason, the total
enthalpy of the flow can be calculated as a function of temperature
and pressure in the LTE condition. Based on this, the radial
distribution of the flow enthalpy is calculated from the radial
temperature distribution shown in Fig. 11. As a result, the total
enthalpy averaged within a 25 mm distance from the center, which is
the typical dimension of test pieces exposed to the test flow, is
calculated to be 13.4 &+ 1.0 and 13.7 & 1.1 MJ/kg for the nitrogen
and air flows, respectively. In contrast to this, the average flow
enthalpy deduced from the thermal balance of the ICP heater is
17.7 £ 1 MJ/kg in both cases [6], which is approximately 30%
higher than those determined from the spectroscopic results.

In [6], the energy put into the working gas is deduced by
subtracting the thermal energy transferred to the coolant water from
the electric energy supplied to the ICP heater. However, in a rough

6000

5000

N
o
o
o

3000

Temperature, K

2000

—<O—— 90 kW, nitrogen

1000 ——-O-—— 90 kW, air

Radial position, mm

Fig. 11 Radial distribution of temperature in the nitrogen and air test
flows.

estimation, 5% of the thermal energy in the coolant water is lost to the
piping system due to thermal conduction, resulting in a 10%
overestimation of the flow enthalpy. In addition to this, the thermal
energy of the heated working gas is lost to the flow duct and to the test
chamber due to radiation. According to [11], the gas temperature in
the ICP heater is as high as 10,000 K at the coil center, and 9000 K at a
40 mm downstream position from the coil center. Based on these
results, in a rough estimation, the radiation loss in the upstream
region of the test section amounts to 20% of the thermal energy
initially put into the working gas. From this discussion, the average
flow enthalpy at the test section is newly estimated from the thermal
balance to be 12.9 &+ 2 MJ/kg, which shows better agreement with
the flow enthalpy obtained from the spectroscopic results.

Because the emission from the impurity is also reproduced in the
spectrum fitting procedure, the radial distribution of its molar
concentration is collaterally obtained in this study. The result for the
nitrogen test flow is shown in Fig. 12, in which theoretical values for
N, and N obtained by the equilibrium calculation are shown for
comparison. Because the total intensity of the molecular band
spectrum is proportional to the number density of the gas species,
errors in the estimated molar fraction are proportional to errors in
both the calculated and measured total intensity of the band
spectrum. Errors in the calculated total intensity are proportional to
errors in the electronic transition moment used to calculate the
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Fig. 12 Radial distribution of the impurities in the nitrogen test flow.

vibrational—electronic transition probability, which are taken from
the references listed in Table 1 for each transition. On the other hand,
errors in the measured total intensity change in relation to the
intensity and shape of the overall spectrum. For example, because the
total intensity of the band spectra from NO is relatively high in the
overall spectrum, as seen in Fig. 5, errors in the measured intensity
are small and expected to be less than +5% at the center of the
nitrogen test flow. In contrast to this, because the intensity of the
atomic oxygen line at 777 nm is relatively low, and because this line
is located in the close vicinity of the band head of the N, first positive
system, the measured intensity of the oxygen line has a margin of
error of £20% at the flow center.

Although pure nitrogen is used as the working gas, the molar
fraction of atomic oxygen amounts to 1.3% at the flow center and
increases along with the radial position, as seen in Fig. 12. This is
because molecular oxygen remains in the ambient gas of the test
section due to an inadequate evacuation of the test section before
ignition of the ICP heater. Likewise, the molar fraction of NO and
OH increases along with the radial position, whereas that of NH and
CN decreases conversely. These results suggest that the ambient gas
in the test section should be replaced with the working gas if one
wants to obtain much cleaner test flows. In response to this
suggestion, the evacuation system of the ICP wind tunnel is currently
under modification to reduce impurities for future heating tests.

V. Conclusions

The radiation code SPRADIAN has been improved by adding
several chemical species, updating the database, and taking into
account spin splitting to enhance the accuracy of the calculated
spectral profile. The newer version, SPRADIAN2, has been
successfully validated by comparing computed spectra with those
observed in plasmas in local thermochemical equilibrium produced
in the ICP wind tunnel. Using the imaging spectroscopy, the radial
distribution of temperature as well as the molar concentration of
chemical components was determined in the test section of the ICP
wind tunnel by the spectrum fitting method. At the input power of
90 kW, the maximum temperature at the flow center is determined to
be 5800 + 100 and 5600 £ 100 K for the nitrogen and air flows,
respectively, and the average flow enthalpy is estimated to be 13.4 +
1.0 and 13.7 &+ 1.1 MJ/kg, respectively. The spectrum fitting
procedure used in this study is found to be useful to quantitatively
assess the amount of impurities contained in the test flow as well.
When nitrogen was used as the working gas, the molar fraction of
atomic oxygen was seen to amount to 1.3% at the flow center due to
an insufficient evacuation of the test section before ignition of the
ICP heater. This suggests that the ambient gas in the test section
should be replaced with the working gas when much cleaner test
flows are required.
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