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This Paper presents the simulations ofCO2 andCO infrared radiation behind shockwaves and in expansion flows.

This work is motivated by the little amount of characterizations of CO2 infrared radiation in these expansion flows

and thermodynamic regimes, whereas carbon dioxide infrared radiation is deemed to contribute significantly to the

afterbody heating withstood by a Martian spacecraft. Japan Aerospace Exploration Agency (JAXA) shock-tube

facilities were operated at conditions generating flow velocities ranging from 2.8 to 7.3 km∕s. Absolute infrared

spectra of CO2 and CO were obtained under equilibrium and nonequilibrium conditions and used to assess

the performances of the spectral solvers. Specifically, this Paper introduces the recent enhancements brought to

JAXA in-house codes to compute CO2 nonequilibrium infrared radiation. Schemes to split the level energy into its

pure vibrational, rotational, and vibration–rotation coupling and interactions contributions are proposed and

implemented. The implementation was evaluated with comparison with literature data and recent measurements.

Infrared radiation behind shock waves and under expansion regimes was analyzed with a newly developed model

to infer the vibrational and rotational temperatures and determine the degree of thermal nonequilibrium. The latter

outlines the highly complicated vibrational energy distribution of carbon dioxide during expansion and the

subsequent radiation, as well as the possible shortcomings of the multitemperature models. Therefore, these

studies of carbon dioxide nonequilibrium radiation during expansion pose new challenges to the community and

will enable the upgrade and validation of the multitemperature and state-to-state models currently in use.

Nomenclature

a; b; c; d = powers of coupling temperature ~T
C = Wang symmetry quantum number
d = CO2 modal degeneracies
e = level energy, J
g = level degeneracy
H = effective Hamiltonian
hp = Planck constant, equal to 6.62607004 ⋅ 10−34 J ⋅ s

J = rotational quantum number
kB = Boltzmann constant, equal to 1.38064852⋅

10−23 J∕K
l2 = magnetic quantum number
N = state position in the (P; J; C) block
ntot = number density, m−3

n = level population, m−3

P = polyad quantum number
Q = partition function
T = temperature, K
v = vibrational level

Subscripts

i = CO2 vibrational mode, equal to 1,2,3
R = rotation
T = translation
V = vibration
v1; v2; v3 = vibrational quantum number of CO2 vibration

modes

I. Introduction

I NTEREST inMars exploration triggered the development of new

missions [1–3], including some based on heritage design [4,5].

Specifically, the design of the front shield has been accomplished

through comprehensive numerical simulations and experimental cam-

paigns in shock tubes [6–9] operating at representative flight heating

conditions to characterize the convective and radiative heating from the

shock layer. The backshell radiative heating, deemed negligible, re-

ceived little attention until the last decade. The important uncertainties
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on the backshell radiation motivated this Paper, which aims to charac-
terize it.
During expansion, the flow undergoes recombination, which can

occur under nonequilibrium conditions. Under nonequilibrium con-
ditions, the internal degrees of freedom of CO2 remain frozen with a
significant part of the energy being stored in the vibrational and
rotational modes, leading enhanced infrared (IR) radiation [10,11]
at 2.3, 2.7, 4.3 and 15 μm. Previous computations also illustrated the
dominance of the radiative heating over the convective heating in the
afterbody [12–19].
To further characterize themagnitude of this radiation and subsequent

radiative heating, experimental campaigns in facilities mimicking ex-
pansion processes were undertaken. Japan Aerospace Exploration
Agency (JAXA) Chofu Aerospace Centre pioneered the measurement
of IR radiation under expansion [20]. Further studies were carried out
worldwide to further characterize the possible nonequilibrium state of
CO2 during expansion [21,22]. These original experimental data
served as benchmarks to assess the performances of the nonequili-
brium flow and spectral models developed in the community [23,24].
The comparison between the simulations and experimental data pro-
vided interesting insight on facility artifacts,CO2 kinetics, and spectral
properties but warranted further studies. The flow expansion occurring
in the facility was recently characterized, and the thermal state of the
flow was inferred from laser absorption techniques [25]. The recent
flight measurements onboard the Schiaparelli entry module of the
European mission EXOMARS were recently made available to the
community [26]. They demonstrated that the radiative heating was
dominating over the convective heating. The results from the simula-
tions were compared with the flight data and showed good agreement
[27,28]. However, this agreement was not conclusive on the accuracy
of the kinetic and spectral model because of the lack of spatial or
spectral resolution and limited amount of data.
To strengthen the design of the upcoming missions, modeling

improvements and additional measurement campaigns of CO2 and
CO IR radiation behind shock waves and during expansion are
warranted. This Paper aims to pursue the experimental campaigns
at flight-representative conditions, to measure IR emission spectra at
various speed conditions, and to analyze the with JAXA in-house
radiative solver.
This Paper is organized into three sections. Section II briefly

describes the experimental facility, its sensors, flow, and optical
diagnostics used to measure the IR radiation from shocked and
expanded flows. Section III describes the computational framework
developed to compute the IR radiation. Section IV discusses the
results and assesses the performances of the solver by comparing
predicted and measured IR spectra for shocked and expansion flows.

II. Experimental Setup

Experimental characterization of the flow surrounding a spacecraft
is carried out in high-enthalpy facilities such as shock and expansion
tubes. This section briefly presents the Hyper Velocity Expansion
Tube (HVET) facility outline and its sensors, aswell as its flow and its
spatially and spectrally resolved emission spectroscopy diagnostics.
More details can be found in [20].

A. Flow Diagnostics

The Hypervelocity Shock-Tube (HVST) facility is a 16 m free-
piston driven shock tube consisting of a reservoir tank, a compression
tube, a high-pressure tube, a low-pressure tube, a vacuum tank, and a
free piston. The expansion of the flow is achievedwith the adjunction
of an aluminum vacuum chamber. High- and low-pressure tubes are
evacuated down to 2 ∼ 10 Pawith a turbomolecular pump and a dry
pump before being filled with the gases. Pitot and static pressures
were measured with various sensors. For pitot probe measurements,
the pressure sensor was mounted in the 25-mm-diam probe inside a
1-mm-diam hole drilled at the tip of the pitot probe. The transducer
was protected by a steel disk in order to protect it from the impact of
the impurities. The static pressures were measured with two piezo-
electric pressure sensors set at 25 and 125mm upstream from the exit
of the expansion section. The rise time of the pressure transducers

was lower than 1 μs. The average shock velocity was estimated,
given the time elapsed between these transducer measurements.
The uncertainties on the pressures and velocities were estimated with
the standard deviation of the measured values.

B. Spatially and Spectrally Resolved Optical Diagnostics

Spatial distribution of IR radiation intensity through a magnesium
fluoride (MgF2) window was measured by a 640 × 512 medium-
wavelength IR (MWIR) imager system. The sensor sizes were
24 × 24 μm. In front of the detector, a high-pass filter was added to
reduce the emission from water vapor, which is present near the wall
inside the high-pressure, low-pressure tubes and the vacuum chamber.
IR radiation spectra were obtained by the MWIR imager system set

behind a Czerny–Turner asymmetric IR spectrometer (Bunkoukeiki
Corporation, Ltd.,M10-TP).Under shock-tubemode operation, the IR
radiation spectra were collected at the position under investigation by
an energy optimizer, whereas under expansion-tube mode operation,
the IR radiation was collected by a light focus system with a sphere
mirror. The entrance slitwidthwas set at10 μm. The focal length of the
monochromator was 170 mm, the spacing between the grooves of the

grating was of 2.5 ⋅ 10−2 mm, and the half-angle between the lines
joining the center of the grating to the centers of the two mirrors of the
monochromator was estimated to be 11 deg. Wavelength calibration
was accomplished by measuring the spectrum from a Hg source lamp
at a high order of diffraction and by determining the reference wave-
length position. The intensity calibration in the IR spectral range was
achieved with a blackbody furnace of temperature TB � 1673 K by
using the ideal Planck curve. To eliminate the absorption by CO2 and
water vapor from ambient air, the IR spectrometer and the light focus
system were purged with N2 gas. The uncertainties on the radiation
measurements were estimated of 30%.

C. Test Conditions

Tocomplement the shock-tubeexperiments performed in [20],HVST
was operated at speed conditions ranging from 2 to 7.5 km ⋅ s−1 and
pressure of 133.3 Pa to fully characterize the radiance withstand by
the front shield of a Martian spacecraft along various trajectories. The
spectra were integrated along the line of sight perpendicularly to the
shock-tube axis to yield the radiance between 4 and 5.4 μm and
comparedwith literature values fromNASAAmes Electric Arc Shock
Tube (EAST) facility [9], as illustrated in Fig. 1. The differences
between the integrated radiance from JAXA HVSTand NASA EAST
facilities are lower than 30%.
The equilibrium spectral radiances were also compared for lower

shock velocities and are shown in Fig. 2. Calibration in the IR spectral
range is hindered by the lack of reference lines in this region. Wave-
length calibration is achieved by using multiple-order diffracted
lines, which essentially yields some calibration errors in wavelength.
However, the sensitivity of the sensor does not change with the
wavelength, and errors in the absolute radiance are almost constant

Fig. 1 Equilibrium integrated radiance comparison between JAXA
HVST and NASA EAST [9] campaigns, between 4.0 and 5.4 μm.
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and independent of wavelength. Therefore, any small error in the
wavelength calibration has little impact on the results of temperature
estimation. In the present Paper, the spectra were still shifted by
55 nm in order to match the band heads. Differences lower than
30% are observed between the measured spectra from EAST and
HVST facilities for speed ranging from 2.8 to 5 km ⋅ s−1, where the
radiation is dominated by CO2. The experimental spectra obtained
with HVST for higher shock velocities are shown in Sec. IV.

III. Nonequilibrium Spectral Model

This section describes the multitemperature model for predicting
CO2 IR radiation. JAXA in-house Structured Package for Radiation
Analysis (SPRADIAN) code [29] was upgraded [30] to include the
Carbon Dioxide Spectroscopic Database (CDSD-4000) [31,32]. The
performances of the solver were evaluated by comparing predicted
and measured CO2 IR radiation measurements under a comprehen-
sive set of equilibrium conditions obtained from transmission cells,
plasma torches, and shock tubes. CO radiation was previously
included [15]. The purpose of the present Paper is to further upgrade

the code to simulate nonequilibrium 12C16O2 (CO2 main isotope) IR
radiation. The following sections derive the rovibrational levels’
energies and present the multitemperature model used for nonequili-
brium calculations.

A. Spectral Quantities

Line-by-line emission and absorption coefficients of a transition
from an upper level u to a lower level l are computed thanks to
Eqs. (1) and (2),

ϵul�λ� �
hpc0Aul

4πλul
nuΦ�w; λ − λul� (1)

αul�λ� �
nl�Aulλ

4
ul�

8πc0

gu
gl

�
1 −

nugl
nlgu

�
Φ�w; λ − λul� (2)

where g is the degeneracy of the level (upper or lower). The line
centers λul, the transition probabilities (Einstein’s coefficients) Aul,
and the line profile widths w were taken from the CDSD-4000
database [32]. AVoigt line profile Φ as described in [33] is used.

B. Effective Hamiltonian

The present Paper considers the complete expression of the effec-
tive Hamiltonian of [31] to compute the rovibrational energy levels.
The Hamiltonian is built using the same parameters, and the rovibra-
tional levels’ energies are obtained through its diagonalization.
Before diagonalization, it is possible to write the Hamiltonian as a

sum of matrices [34], each one corresponding to a dynamic mode,
coupling, or interaction, as written in Eq. (3),

Heff � Hv1 �Hv2 �Hv3 �Hrot � ~H (3)

whereHvi corresponds to the ith vibrationalmode contribution and ~H
corresponds to the couplings and interactions. The Hvi is composed

of the terms using only �vi � di∕2� in the diagonal terms of the
Hamiltonian, as reminded in Eq. (4):

�Hvi�j;j � ωi

�
vi�j� �

di
2

�
� xii

�
vi�j� �

di
2

�
2

� yiii

�
vi�j� �

di
2

�
3

� ziiii

�
vi�j� �

di
2

�
4

(4)

To extract the contribution of a particular mode, one must then
change the basis of the sub-Hamiltonian written in Eq. (3) to the
diagonalization basis. For example, denoting P the diagonalization
matrix of the full Hamiltonian (Heff), the mode vi energy of the state
k � �P; J; C; N� is given by Eq. (5):

ek;v1 � �P ⋅Hv1 ⋅ P
−1�k;k (5)

C. Populations

The population of a level k � �P; J; C;N� under thermal non-
equilibrium is given by Eq. (6a),

nk �
ntotgk

~Q
exp

 
−

ev1
kBTv1

−
ev2

kBTv2

−
ev3

kBTv3

−
erot

kBTrot

−
~e

kB ~T

!
(6a)

~Q �
X
k

gk exp

 
−

ev1
kBTv1

−
ev2

kBTv2

−
ev3

kBTv3

−
erot

kBTrot

−
~e

kB ~T

!
(6b)

ek � ev1 � ev2 � ev3 � erot � ~e (6c)

where evi is the energy of the ith vibrational mode (as explained in

Sec. B), ~e is the energy of the couplings and different interactions, ~Q

is the nonequilibrium partition function, and ~T is a coupling
temperature.
A database of approximately 7.3million states has been computed;

this corresponds to a maximum polyad number P of 40, a maximum

rotational number J of 300, and a cutoff energy of 44600 cm−1

corresponding to the dissociation limit of CO2 626(X).

D. Assessment of Rovibrational Levels

To assess the agreement between our calculated energies and those
from CDSD’s, simulations of equilibrium spectra (which only
depend on the level’s energies) around 4.3 μm (approximately

2300 cm−1) were performed at 1000, 2000, and 3000 K with a
pressure of 1 atm and 100% of CO2 and compared with [35]. A

rectangular slit function of 10 cm−1 has been applied to the spectra.
As observed in Fig. 3, a good agreement with the work [35] is
observed and gives the authors confidence in the correct computation

Fig. 2 Comparison of the equilibrium spectral radiance measured in HVST (in black) and EAST (in red) [9] for shock velocities from 2.8 to 5 km ⋅ s−1.
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of the rovibrational levels’ energies and successful upgrade of JAXA
SPRADIAN code [29].
Additionally, Fig. 4 shows the comparison between the partition

functions computed in this Paper (in red) with CDSD-4000 partition
function (in black) and partition function obtained under the har-
monic oscillator and rigid rotator approximation [Eq. (7)] (in blue),

QHarmonic Approx: �
1

2

T

Be

�
1 − exp

�
−
θ1
T

��−1�
1 − exp

�
−
θ2
T

��−2

×
�
1 − exp

�
−
θ3
T

��−1
(7)

where Be and θj�1;: : : ;3 are the spectroscopic constants of the energy
term expansion.
The discrepancywith the tabulated partition function is within 0.5%

for temperatures up to 3000 K and within 1% for temperatures up to
4300 K. Discrepancies between the computed absorption coefficients
become noticeable after T � 3000 K, and the relative error between
the partition functions is lower than 1% under 4000 K and within 5%
under 6000 K, suggesting that the calculation of the higher levels’
energies may not be the most accurate and could be improved. Even
though the relative error is increasing with the temperature, it is still
acceptable for the temperature range of interest, i.e., for temperatures
up to 3000 or even 4000 K. The rovibrational levels’ energy database
will thus be used for the next simulations presented in this Paper.

E. Multitemperature Model

For thermal nonequilibrium CO2 flow, the choice of the coupling

temperature ~T arises. Inspired by Park’s multitemperature model
[36], the expression shown in Eq. (8) is proposed. This expression
allows us to explore different possibilities and to add the coupling
term to any mode or to a combination of the modes,

~T � Ta
v1T

b
v2T

c
v3T

d
rot where a� b� c� d � 1 (8)

F. Effect of Coupling Temperature

To investigate the sensibility to the definition of the coupling

temperature, first nonequilibrium simulations were performed. Com-

parisons were made between absorption and emission spectra with

nonequilibrium conditions, for different definitions of the coupling

temperature for a pressure of 0.017 atm, 100% of CO2, and

Trot � Ttr. Six different exponent sets were investigated, as detailed

in Table 1, with Trot � 1700 K and Tv1 � Tv2 � 2100 K. These

temperatures are representative of the possible thermal conditions

occurring in the expansion measurements carried out in [20]. The

resulting spectra are showed in Fig. 5. They were convoluted with a

10 cm−1 square slit function. The different spectral radiances com-

puted are very close to each other. The choice of the definition of the

coupling temperature (i.e., the choice of the values of the a; b; c, and
d coefficients) does not seem to have a strong impact on the calcu-

lated radiance. Other simulations (not shown here) present the same

similarities, for temperatures between 1000 and 2000 K. Sub-

sequently, the coupling temperature will be set as ~T � ���������������������
Tv1Tv2Tv3

3
p

.

G. Nonequilibrium Transmission Measurements

Nonequilibrium transmission measurements were obtained by

Dang et al. [37] and used by [38,39] to infer vibrational temperatures.

They found a fit of the transmission data for Trot � 491 K,
Tv1 � Tv2 � T12 � 517 K, and Tv3 � 2641 K. The same temper-

atures were subsequently used to compute the transmittance between

2284.2 and 2284.6 cm−1. The results were compared with the work

[38] in Fig. 6. We also compared with RADIS [39] using Boltzmann

distributions (Klarenaar et al. [38] use Treanor distributions) and

HITRAN [40] database. Good agreement is observed between the

various simulations.
Differences between present Paper and [38] may come from the use

of different populations distributions and line broadening databases.

Work [38] uses a Treanor distribution and HITRAN database [40],

while the present Paper uses aBoltzmann distribution andCDSD-4000

[31,32]. The simulation performed with RADIS uses a Boltzmann

distribution and HITRAN database and has a very good agreement

Fig. 3 Comparison of absorption coefficients at equilibrium, with a) T � 1000 K, b) T � 2000 K, and c) T � 3000 K.

Fig. 4 Comparison of the different partition functions.

Table 1 Coupling temperature
definitions studied

Case a b c d

1 1 0 0 0
2 0 1 0 0
3 0 0 1 0
4 0 0 0 1
5 1∕3 1∕3 1∕3 0

6 1∕4 1∕4 1∕4 1∕4
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with the results of Klarenaar [38]. The differences between the present
work and Klarenaar’s [38] around 2284.7 cm−1 can thus be explained
by the use of different databases. The present Paper displays two lines
easily identifiable, while the latter look partially merged with the
HITRAN database.

IV. Results

This section is divided into two parts: first, it presents themeasured
spectra obtained during the shock-tube measurement campaign and
the simulations of these shocked equilibrium flows using the im-
proved radiative solver at equilibrium; second, it presents the analysis
of the free-flow previously measured in the expansion-tube HVET
[20] by the nonequilibrium features implemented in JAXA radiative
solver.

A. Shocked Equilibrium Flows

Radiance was measured in HVST for shock velocities ranging
from 2.8 to 7.3 km ⋅ s−1. The gas composition and temperatures (for
equilibrium and frozen chemistries) were obtained by the code
Chemical EquilibriumwithApplication [41] and are listed in Table 2.
CO radiation was computed using HITEMP database [40], and

CO2 radiation was computed with CDSD-4000 database [31,32] and
the updated version of SPRADIAN. The simulated spectra were
convoluted by an experimental slit function of full width at half-
maximum (FWHM)of 20 nm, able to correctly fit theCO lines for the
cases e and f. This is larger than the theoretical value of 5 nm
calculated using [42], which is consistent with the theoretical works
of [43]. The simulations were compared with the present measure-
ments to highlight the contributions fromCO2 andCO and are shown
in Fig. 7.

In this Paper, the plasma was assumed isotropic along the line of
sight, and the wall effects and turbulence were neglected. This may

induce some discrepancies between simulated andmeasured spectra,

especially for cases a to c.
For shock velocities lower than 5 km ⋅ s−1, Figs. 7a and 7b show

good agreement between the simulations and the measurements. For

these cases, the chemistry is frozen (as the mole fractions of CO2 are

close to 1), and most of the radiation comes from CO2. For shock

velocities greater than 6 km ⋅ s−1, Figs. 7e and 7f show good agree-

ment between the simulations and themeasurements. For these cases,

the chemistry reaches equilibrium because of higher CO2 dissocia-

tion rates. Most of the radiation comes from CO. These results are

consistent with [9].
Cases c and d are intermediate conditions and deserve further

attention. For case c, reasonable qualitative agreement between

simulations and measurements was obtained with CO2 as the single

radiator in the mixture for a pressure P � 0.518 bar, a mole fraction

xCO2
� 0.25, and a temperature of 4500K. Better agreement with the

measurement could be obtained by including the radiation from CO,

which would compensate the deficit in radiance after 5 μm. It is thus
likely that the mole fraction of CO2 as well as its temperature are

lower than the values presently computed (but larger than at equilib-

rium), while CO mole fraction is lower than at equilibrium. For case

d, the measurement is bounded by simulations with CO2 radiation

(red dashed curve) only and with a hypothetical case 20% CO2

mixture at TCO2
� 10 100 K (blue curve). For these intermediate

cases, the radiance is due to both CO2 and CO. Further work is

warranted on CO2-CO kinetics, as derived in [44] to improve the

prediction of the measured spectra.

B. Expanded Nonequilibrium Flows

This subsection evaluates the performances of the upgraded

version of SPRADIAN developed in the present Paper by comparing

Fig. 5 Influence of the coupling parameters on the radiance with Tr � 1700 K, Tv1 � Tv2 � 2100 K and for a) Tv3 � 2100 K and b) Tv3 � 2600 K.

Table 2 Simulation parameters

Case xCO2
xCO Teq, K P, bar

a 1 0 Tfrozen � 3350 K 0.178

b 0.9 0 4000 0.254
ca 1.051 ⋅ 10−1 5.204 ⋅ 10−1 3400 0.518

cb 0.25 0 4500 0.518

da 1.769 ⋅ 10−2 5.153 ⋅ 10−1 5000 0.693

db 0.2 0 10,100 0.693

e 6.974 ⋅ 10−5 4.289 ⋅ 10−1 6500 1.014

f 4.204 ⋅ 10−5 3.536 ⋅ 10−1 6900 1.172

aThe parameters in these lines correspond to the chemical equilibrium for

a 4.77 km ⋅ s−1 and a 5.56 km ⋅ s−1 shock.
bThe parameters in these lines correspond to the best fit or upper limit of

the experimental radiance.

Fig. 6 Comparison between the predicted and measured nonequili-
brium CO2 transmittance spectra.
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the simulations with the free-flow measurements (no small-scale
sample) of CO2 IR radiation obtained at JAXA Chofu Aerospace
Centre [20]. As stated in the Introduction, these measurements were

also used by [23] to assess the performances of the RADIS code [39].
Moreover, this section provides insight onCO2 vibrational dynamics
during expansion and on the degree of nonequilibrium.
Several temperatures and vibrational nonequilibrium simulation

conditions were investigated, similarly to the work [23]. CO2 vibra-
tional dynamics is governed by the relaxation of its three vibrational

modes. It is often suggested that the third mode, which is responsible
for the emission at 4.3 μm, relaxes more slowly than the first and
second modes, which drive the community to assume Tv;12 ≠ Tv3 .

This assumption was tested in [23] but was not conducive to signifi-

cant improvements. Therefore, a two-temperature model, with
Tv1 � Tv2 � Tv3 � Tv, andTtr � Trot, was chosen. The simulations

were performed for a pressure p � 1.7 ⋅ 103 Pa and a CO2 mole
fraction xCO2

� 0.61 (i.e. the same parameters used in [20] for the

adjusted Park’s two-temperature model).
The evaluation of SPRADIAN’s accuracywas accomplished in two

steps: 1) predicting the band head around 4.2 μm and 2) predicting the
tail of the curve. To predict the band head, the rotational temperature

was first determined assuming rovibrational equilibrium; then, the
various vibrational temperatures and degree of nonequilibrium were

adjusted to match the measurement. The comparison between the

measurement and the various simulations is displayed in Fig. 8. This

approach led to Tr � 1700 K and Tv � 2100 K, which compare

favorably with the temperatures determined in [23] (Tr � 1700 K
and Tv � 2200 K). The spectral shape being very sensitive to the

temperature, a slight change of the temperature quickly changes the

entire shape of the spectrum, which confirms that our estimation of a

100 K error in temperature estimation is not underestimated. Figure 8

shows that SPRADIAN agrees better with the experimental value than

RADIS [23,39]. Of noticeable importance, the vibrational temperature

is twice smaller than the one predicted by Park’s two-temperature

model (4000 K) [20,36]. The vibrational modes would thus relax

quicker than the two-temperature model predictions, which requires

an update of the Park model [36] for CO2-based flows.
From Fig. 8, discrepancies remain between the simulations and the

measurements after 4.6 μm, the simulated radiance being lower than

the measured one. Possible reasons could be the contribution to CO

radiation or a non-Boltzmann distribution of the levels emitting at this

spectral range. Considering a collisional-radiative model such as

Fig. 7 Comparison between predicted and measured CO2-CO IR emission spectra. Indices a) to f) correspond to the parameters listed in Table 2.
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developed in [45] is beyond the scope of the present Paper. Thus, the
contribution of CO in the radiation was investigated, and the results
are displayed in Fig. 9. For aCO-temperature of 4400K, there is good
agreement between 4.6 and 5 μm, but the radiance between 4.3 and
4.6 μm is overestimated, and the residual is higher than whenCO2 is
solely considered. Various CO temperatures ranging from 1700 to
4400 K were then considered. The resulting spectra were compared
with the simulation with only CO2. The minimum discrepancy with
themeasurement were achieved forTCO � 1700 K, which, however,
does not mitigate the discrepancies between the predicted at mea-
sured radiances after 4.6 μm. Future work is therefore required.

V. Conclusions

This Paper presents new measurements performed at JAXA
HVST, the improvements to JAXA in-house radiation solver to
compute CO2 IR radiation under thermal nonequilibrium, and its
application to the shock- and expansion-tube measurements.
The measurements made with HVST were performed to expand

the experimental data regarding CO2 IR radiation in shocked con-
ditions and to further validate the modeling tools. JAXA shock-tube
facilities were operated at conditions generating flow velocities

ranging from 2.8 to 7.3 km ⋅ s−1. Absolute spectral measurements
were obtained in the 4.3 μm region and integrated to yield absolute
radiances. The latter were compared to the measurements obtained at
NASA EAST facility, and good agreement was obtained.
The improvements to JAXA in-house solver now include the

contributions of the couplings and interactions in the computation

of CO2 energy levels. An accurate computation of the energy levels
was also undertaken, and good agreement was achieved between our
work and the simulations in the literature. Thermal nonequilibrium
was described under the multitemperature formalism, with the def-
inition of a coupling temperature. The model results were then
compared with experimental and simulation results under the non-
equilibrium conditions of aCO2 laser discharge. Excellent agreement
was obtained between the present simulations and the measured
transmission spectra.
Once the model was validated, it was used to analyze JAXA shock-

tubemeasurements. It confirmed EASTobservations: for shock veloc-
ities greater than 5 km ⋅ s−1, the flow reaches chemical equilibrium,
and CO IR radiation dominates CO2 radiation. For the low- and high-
speed conditions, good agreement was obtained between the simula-
tions and the measured spectra. The experimental expansion-tube
spectra previously measured were analyzed with the present nonequi-
libriummodel to determine the vibrational and rotational temperatures
as well as the degree of nonequilibrium. Specifically, the measure-
ments obtained during expansion confirms the nonequilibrium
between vibrational and rotational temperatures. The relaxation
times were found faster from the predictions using the Park two-
temperatures model.
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