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The Carbon Dioxide Spectral Databank 4000 is tailored for radiative transfer applications relevant for
Mars atmospheric entry studies. This is carried out through the refitting of the original database, en-
compassing individual rovibrational transitions, into a more compact form where rotational transitions
for specific vibrational bands are obtained through traditional polynomial expressions, fitted to the lev-
els and transitions of the original database. This originates a certain loss of precision since the fitted

Keywords: expressions do not always reproduce the original data with full accuracy, namely for the perturbed tran-
CO, sitions. This is offset by a more compact database suited for wideband radiative transfer simulations. This
IR Radiation CDSDv database also provides some minor advantages, such as enabling the thermodynamic use of two-
Database

High-Temperature

temperature (T, T,) models and the determination of vibrational Einstein coefficients A,,» which may be
used in state-to-state kinetic models.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Radiative heat transfer from c0, infrared transitions has been
recognized [1,2] to be a driver for exploration spacecraft design
(with an emphasis on the backshell). This has led several research
teams to adapt existing databases [3,4] or develop new ones [5] for
this purpose. The advent of the Carbon Dioxide Spectral Databank
(CDSD), particularly it’s high-temperature version CDSD4000 (6],
provided the community with a powerful tool for estimating the
high-temperature radiative properties of C0,. Nevertheless, this
database follows a spectrally-ordered structure, with the definition
of cutoff thresholds for single lines based on a specific tempera-
ture (4000K in the case of CDSD4000). This makes it less than op-
timal for spacecraft radiative heating calculations [7], where the
inclusion the overall spectral range of c0, transitions is manda-
tory. Further, the post-shock flow surrounding the spacecraft has
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a wide range of temperatures, from abour 5000-6000 K in the
shock layer, down to 1000K or less in the afterbody wake. It has
consequently been decided to adapt this CDSD database for such
purposes: Firstly the database has been modified from a spectrally
ordered to a transition-ordered database. Then, each band of rovi-
brational transitions has been fitted to a general polynomial ex-
pansion consistent with the theory of radiation from linear tri-
atomic molecules[8]. Although this technique means a certain loss
of accuracy, particularly for transition between higher-lying vibra-
tional levels which exhibit a certain amount of perturbations, it
has the benefit of yielding a more compact and tractable database
(16 MB down from 16GB). Another added benefit stems from the
explicit separation of the vibrational and rotational part of the
transitions, which allows using two-temperature (Tv, Tr) models, or
using the corresponding Einstein coefficients A,,,» in vibrationally-
specific state-to-state models.

This work will firstly discuss in detail the legacy of past Mars
exploration spacecraft designs, and the associated Computational
Fluid Dynamics (CFD) and radiative models that have been de-
ployed to support such designs. This is carried out in Section 2.
Section 3 describes the theoretical models and reduction tech-
niques that have been applied for creating this compact CDSD
database (henceforth named CDSDv). Section 4 presents some
sample comparisons of CDSDv with other popular co, radiative
databases, alongside some numerical benchmarks, highlighting the
speedup and memory optimization brought by CDSDv. Finally
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Section 5 validates the CDSDv database against popular testcases
from the literature. The conclusions summarize the capabilities of
CDSDv, highlighting its flexibility and providing a qualitative as-
sessment of the tradebacks in accuracy compared to CDSD4000.
Finally suggestions for future improvements of this database are
shortly presented.

2. Aerothermal and radiative databases for Mars exploration
missions

It is somehow surprising that the issue of CO, radiation influ-
ence on Martian entries has been discarded up until so recently.
It may further seem surprising that this did not preclude many
spacecraft from successfully reaching Mars, however this can in
part be attributed to the engineering margins considered in these
spacecraft designs, and the fact that radiative heating typically re-
mains inferior to convective heating, except in the base region
where it doesn’t lead to excessively high heat fluxes owing to the
low densities encountered in this recirculation region.

The first efforts to correctly account for CO, IR heating may
be traced to the Mars PREMIER program [9,10] sponsored by the
French Space Agency CNES* and the AURORA program [11] spon-
sored by the European Space Agency (ESA) which took over once
the Mars PREMIER program was terminated. These took place in
the beginning of the 21st Century, and gathered several European
and Russian research teams, which undertook some early works
outlining the importance of these effects. Later on, the importance
of these radiative heating effects was also acknowledged by sev-
eral research teams in the US which provided additional key con-
tributions, namely at the experimental level. Here, we will briefly
outline the different US and Russian missions that were launched
towards Mars without accounting for any radiative heating effects
(all the Russian Mars exploration missions, and all the US Mars
exploration missions up to Mars Science Laboratory in 2012), we
follow by an historical account of the different efforts that led to
this phenomena being nowadays recognized as an important de-
sign driver for Mars missions.

2.1. USSR/Russia mars missions

All USSR/Russian missions to Mars have failed to achieve a suc-
cessful landing. Mars 2 crashed, Mars 3 successfully landed but
stopped transmitting after 20s, Mars 6 lost contact prior to land-
ing, Mars 7 missed Mars, and Mars 8 (Mars 96) suffered a failure
during the injection to a trajectory towards Mars and reentered the
atmosphere.

2.2. US Mars missions (pre-2012)

US Mars exploration missions have historically neglected CO, IR
radiative heating until very recently.

The second lander to touch down the surface of Mars, Viking 1
in 1976, was developed without any previous test carried out in a
ground test facility simulating a Martian-like CO, atmosphere [12].
It nevertheless was the first lander to successfully touch down the
surface of Mars®, following an atmospheric entry at a velocity of
4.5km s~! and an entry angle of 11° [13,14]. The Viking probe was
instrumented with stagnation pressure and temperature sensors,
as well as four additional pressure transducers and a mass spec-
trometer in the forebody. The backshell had an additional pressure
transducer and two thermocouples. This entry data has since been
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extensively reviewed and rebuilt by several authors, since it consti-
tuted for many years the only available post-flight data for a Mar-
tian entry [12].

Pre-flight analysis predicted that afterbody heating would ac-
count for 3% of stagnation-line heating, and that radiation would
be totally negligible owing to the low entry velocity [12]. However
5% heating relative to stagnation-line heating reference was mea-
sured instead. Recent reinvestigations accounting for CO, radiative
heating showed that this difference might indeed be due to ne-
glecting these heating effects in the original analysis [15,16].

The subsequent 1996 Mars pathfinder mission considered a
faster entry at a velocity of around 7.5 km s~!. Pre-flight studies
had to consider ablation effects in the CFD analysis, however radi-
ation heating effects were once more neglected [12], with Gupta’s
prediction that radiative heating would account for less than 4.5%
of total heating [17]. The probe was instrumented with accelerom-
eters, 9 thermocouples, and 3 platinum resistance thermometers.
These last did not perform well due to calibration problems, with
only the thermocouple data being valid [12]. Pre-flight experimen-
tal campaigns were carried in the HYPULSE shock-expansion tube
with different gas mixtures including CO,, with negligible dissoci-
ation in the freestream flow [18], and the NASA LaRC 31 Mach 10
wind-tunnel for estimating the probe wake flow. These last exper-
iments were carried solely on air [19].

Other NASA missions like the Mars Polar Lander (6.9 km s—1;
failure during entry), Mars Exploration Rovers (5.4 km s~!; suc-
cess; for MER-A and 5.55 km s~!; success; for MER-B), and Phoenix
(5.7 km s~1; success) missions, made use of the same assumptions
regarding radiation (see Reynier [12] and references therein). These
probes were not instrumented as regarding their entry phases, and
as such, no post-flight data is available for these.

The following mission, Mars Science Laboratory, is the largest
space vehicle to ever have entered Mars, having done it success-
fully. The probe has a 4.5 m diameter, and entered Mars at 5.6
km s~! in 2012. Owing to the increased risks for this mission, it
underwent an extensive pre-flight test campaign, namely in which
pertains to transition to turbulence effects. Several tests were car-
ried out in the CUBRC LENS and Caltech T5 shock tunnels [12].
The probe itself had an extensive instrumentation package named
MEDLI, which monitored temperature, pressure and TPS (Thermal
Protection System) performance in the probe forebody. No radia-
tive heating sensors were included, as radiation was again consid-
ered negligible [12,20]. Ref. [21] provides a synthesis of all the ex-
perimental and numerical activities carried out in preparation of
this mission.

2.3. Acknowledging the impact of CO, radiation

As mentioned before, European efforts regarding Mars explo-
ration may be traced back to the Mars PREMIER/Mars Sample Re-
turn project, a joint CNES/NASA venture aiming at a return of Sam-
ples from Mars surface to Earth. The early mission definition con-
sider direct aerocapture insertion of the Mars Sample Return Or-
biter (MSRO) designed by CNES [22-24]. The challenges for per-
forming such a manoeuver® (requiring precise guidance as the or-
biter descends significantly in Mars atmosphere), and the high
thermal loads involved (mandating an heat shield), fostered several
European research activities related to Mars entry aerothermody-
namics. For example two Ph.D. thesis were funded by this program,
one related to the modelling of free-molecular CO,-N, flows [25],
and the other related to CO,-N, plasmas radiation [26].

Ultimately, difficulties in enabling such an ambitious pro-
gramme, funding difficulties, as well as a shifting political cli-

6 which only has been partially achieved by the Russian Zond 6 and Zond 7
probes during their Lunar return trajectories



J. Vargas, B. Lopez and M.L.d. Silva/Journal of Quantitative Spectroscopy & Radiative Transfer 245 (2020) 106848 3

mate, led to the cancellation of this programme. In the mean-
while, ESA had launched the AURORA programme, chiefly aimed
at the robotic exploration of Mars, as a stepping stone to a Mars
Sample Return mission and ultimately a manned Mars exploration
mission. A workshop titled “Radiation of High-Temperature Gases
in Atmospheric Entry” (RHTGAE) has been held biannually since
2003, which has been chiefly focused on the radiative heating ef-
fects of atmospheric entry flows [27-35]. The workshop defined
a set of testcases tailored for the examination of radiative prop-
erties for gases of different compositions and different levels of
thermodynamic equilibrium (ranging from thermochemical equi-
librium to strong nonequilibrium of the species internal modes).
Among these, the TC3 testcase focused on a 70° sphere-cone ge-
ometry which is a simplified configuration of the MSRO vehicle
[36,37]. Reference CFD solutions were proposed to the teams who
wished to only simulate radiative transfer, but nevertheless, a sig-
nificant number of CFD simulations were also carried out by differ-
ent teams. An INTAS project [38] was further devoted to the TC3
configuration, including CFD, radiative transfer and ground-test ex-
periments of a scale model [39]. This work was carried out by five
Russian (ICAD, IPM, NIIMech, SPU, TsAGI), and two European in-
stitutions (Office national d’études et de recherches aérospatiales,
ONERA and Von Karman Institute, VKI).

Radiative heating for this spacecraft configuration has been
modelled considering different numerical approaches and using
different radiative databases: The EM2C team at Ecole Centrale
de Paris used their in-house HITELOR radiative database [40,41],
based on a statistical narrow-band model, and developed from a
set of CO, and CO spectral coefficients valid at high temperature,
obtained both in-house and adapted from the HITEMP database
[42]. The databank has been successfully applied to the reproduc-
tion of medium-resolution spectra at temperatures up to 2850K
[43]. Radiative transfer on the backcover of TC3 was carried out
using a Ray-Tracing model, considering both line-by-line and sta-
tistical narrowband models. The agreement of the obtained results
for both the reference (line-by-line) and the approximate (statisti-
cal narrowband) models validated the later approach, for the one-
temperature case, allowing fast and efficient simulations of CO, IR
radiation in this configuration. These results were presented at the
1st. RHTGAE workshop [44].

Surzhikov used increasingly refined CFD and radiative ap-
proaches since 2001 [45], where a one-temperature, chemical
nonequilibrium CFD model was used coupled to a multigroup ra-
diative database based on HITRAN. Radiative transfer was modeled
using a modified discrete ordinates method. Further works consid-
ered improved physical models, namely in what pertains to CFD
simulations, where multitemperature models, including the influ-
ence of thermal nonequilibrium on chemistry, were considered
[46,47]. A coupling between flow and radiation was ensured by in-
jecting the divergence of radiative flux in the energy equation for
the CFD model. This model was applied to the TC3 testcase, with
the determination of a CFD solution and the subsequent calculation
of radiative heating [48]. The computed heat fluxes were in agree-
ment with the previous solutions from EM2C. Surzhikov also car-
ried CFRD (Computational Fluid Radiative Dynamics) simulations
on other US Mars entry vehicles, namely Pathfinder [49,50] and
Mars Science Laboratory [50]. As for TC3, it was found that radia-
tive heating from the IR region was not negligible, even exceeding
convective heating in some regions of the leeward flow.

In 2002, ONERA started developing the PHARAON computing
chain, comprised of the CelHyo2D CFD solver [51,52], coupled to
the radiative heat transfer solver ASTRE, which is a Monte Carlo
solver enabling the treatment of 3-D geometries using unstruc-
tured meshes [53-55]. The ASTRE code was initially developped for
the study of turbulent flames in the presence of soot. The EM2C ra-
diative database is utilized by this platform. The simulation results

for the TC3 test-case were presented in Ref. [56], with again the
same results than the previous authors.

Finally, IPFN-IST (Instituto de Plasmas e Fusdo Nuclear - Insti-
tuto Superior Técnico) relied on the CO,-N, radiative database de-
veloped by Lino da Silva [26], implemented in the SPARTAN Line-
by-Line code [5,57]. The CO, database was developed from the
1992 HITRAN database [58], using the same theoretical approach
than the one used for developing the HITELOR database [42]. Ra-
diative transfer for the TC3 configuration was computed using a
ray-tracing approach, both for the forebody and the backshell, con-
sidering the reference two-temperature solution from the work-
shop booklet [59]. This work found essentially the same results
than the previous ones, and further found that the influence of
thermal nonequilibrium did not have a significant impact on the
computed radiative heat fluxes. Further applications of this radia-
tive database were carried out in the scope of the unsuccessful
tracking of the PHOENIX entry by the Mars Express orbiter, as it
was not capable of switching its IR thermal detectors. CFD simu-
lations were carried with a DSMC (Direct Simulation Monte Carlo)
code, and a simplified radiative transfer model showed that the IR
radiative signal would be several orders of magnitude above the
VUV signal (from the CO 4th Positive system). The outcome of this
work was published in Ref. [60,61].

These different results obtained for TC3 showed good agree-
ment regarding the radiative heating trends and absolute values.
Radiative heating in the forebody remained within the margins of
convective heating, however in the backcover it exceeded signifi-
cantly the convective heating values, due to the radiation from the
spacecraft wake. Namely, the radiative heating values (in the order
of W cm~2) were deemed too large, requiring for the backshell to
have a certain amount of thermal protections.

2.4. Mars exploration missions planning (post-2012)

The ESA EXOMARS mission was the first Mars Exploration mis-
sion that was designed considering the effects of CO, and CO IR
radiative heating. Initial plans accounted for a single mission of a
large entry vehicle carrying a rover. However, this required a heavy
launcher (PROTON-M/Ariane-5). Further, it was found that the ra-
diative fluxes would mandate a backshell TPS of about 12kg. Even-
tually, these uncertainties, as well as the necessity of testing Mars
entry technologies for what was an European first, led to a redef-
inition of the program into a two-stage mission: A first launch of
an orbiter (Mars Trace Gas Orbiter) and a fully instrumented lander
in 2016, followed by a second launch of a larger lander including
the rover in 2018 (since then postponed to 2020). The Phase B of
the mission was managed by Fluid Gravity Eng., who performed
the CFD simulations. IPFN-IST performed radiative transfer calcu-
lations using the same ray-tracing model than for TC3. A further
code-to-code comparison was carried out by Surzhikov, who sim-
ulated the same spacecraft configurations [62]. As for the TC3 test
case, the simulation results showed that over 99.95% of radiative
heating would come from CO, and CO IR radiation [63]. Another
interesting feature of the probe was its instrumentation package,
who was capable of determining static pressure, surface tempera-
tures, radiative heat flux rates and total heat flux rates, both in the
forebody and backshell.

Schiaparelli entered Mars atmosphere on the 19th October
2016, at a velocity of about 5.8 km s~!, and collected data from
its sensor package throughout all of its entry phase. This data was
relayed to the orbiter and retrieved in its entirety, except for the
blackout phase data that was stored for a later post-landing trans-
mission. Unfortunately the probe was lost due to a software mal-
function which led to the premature stopping of the descent en-
gines and the discarding of the descent parachute. As such, the
data for the blackout phase, including the peak radiative heating,
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was lost. Nevertheless the retrieved data still contains an interest-
ing amount of information which makes it useful for a test-case.
The details on the post-processing for this data may be found in
Ref. [64].

Further developments in the US, roughly after the Mars Sci-
ence Laboratory mission, started looking into the issue of IR radia-
tion with more detail. For example, teams from NASA Ames par-
ticipated in the later issues of the ESA radiation workshop, and
this fostered an interest in trying to measure experimentally IR ra-
diation from CO, flows in shock-tubes and shock-tunnels, which
provided the more realistic ground-test conditions. Around that
time, the EAST shock-tube was in the process of being refurbished,
alongside with its instrumentation, therefore efforts were put into
achieving a capability for carrying measurements in this spec-
tral region [65]. A first batch of CO, IR measurements was car-
ried out in EAST around 2010 [66], which confirmed the presence
of a strong radiative signal. Around the same time the numeri-
cal tools for radiative prediction were being overhauled. Although
some works had been carried out in the 90’s regarding IR radiation
in wake flows [67], there had been no follow-up since, and radia-
tive tools like NEQAIR were lacking the appropriate spectral mod-
els. As the CDSD4000 database was published around this time [6],
it was integrated to the NEQAIR line-by-line code, using a simpli-
fied pseudo-continuum approach [68]. Since then, more detailed
experimental campaigns were carried out on EAST, focusing on
Mars entries [69]. These works further cemented the relevance of
CO, IR heating in the scope of NASA missions for Mars exploration
[70]. Lastly, the Mars Science Laboratory flight data was reinter-
preted in view of the presence from CO, radiation [71], and the
available Schiaparelli flight data was also reproduced recently to a
good agreement with these new improved radiative models [72].

Nowadays, no question remains about the necessity to account
for IR radiative heating in Mars entry flows, and all aerothermal
databases account for these effects in one way or another, which
allows reducing the uncertainties in TPS design, leading to lighter
TPS, more room for payloads, and more confidence in designing
ever larger entry spacecrafts in preparation of a Manned Mars mis-
sion.

3. Methods

Here we summarize the underlying theory for linear tri-
atomic molecules radiation, which was put to use in reducing the
CDSD4000 database into CDSDv. Expressions for level energies,
transition probabilities, and broadening are discussed in this sec-
tion, which concludes with a discussion of the database re-fitting
algorithm

3.1. CDSD Structure

Ro-vibrational databases such as HITRAN [3] and CDSD
[6,73] adopt a similar format. Each data entry in CDSD contains
all the parameters in Table 1 spectrally organized. Not all the pa-
rameters are necessary for the processing done in this work. The
first half of the table contains the parameters that are needed for
this work while the parameters on the second half may be dis-
carded. Table 1 does not present the data ordered as it is in CDSD.
In the case of CDSD4000 there are 2769 different files which rep-
resent over 72 GB when in a uncompressed format. Besides featur-
ing the four main isotopes of c0, by terrestrial abundance, CDSD
also features transitions in which the upper, lower or both levels
could not be spectroscopically assigned reliably. Partially or totally
unassigned transitions are excluded from the treatment presented
in the scope of this work. Also excluded are isotopes other than
626.

3.2. Lineshape algorithm

One of the advantages of not setting a line strength cut-off in
the database generation step is the ability of applying the cut-
off on the fly. In this work this is largely done by a routine that
has already been described in [57]. This routine, henceforth ’line-
shape routine’, still warrants a brief discussion for the purposes of
this work. It receives as input the line position, emission and ab-
sorption coefficients, and the Lorentzian and Gaussian broadening
parameters. The user is allowed to set numerical coefficients that
separate the input lines into strong lines or weak lines, therefore
automatically applying a cut-off to the input database. Strong lines
are treated in greater detail, wherein an algorithm detects possi-
ble overlap of nearby lines and new lineshapes are only calculated
if they are significantly different in shape than the previous one,
thereby saving further computational time. Weak lines are treated
as a pseudo-continuum by bundling the individual line contribu-
tions over a coarse discretization of the full spectrum. This further
decreases the computational effort necessary to compute a detailed
spectrum. By itself, this method should provide a significant in-
crease in the overall performance of spectrum calculations with
CDSD4000. By further decreasing the total number of transitions
by using CDSDv, an additional increase in performance should be
expected. Some attention is devoted in trying to separate these
contributions in Section 4.3.

3.3. Lorentz FWHM determination

From Table 1, the data used for computing the Lorentz FWHM
(or HWHM) of a line and it's shift is ignored. Databases such
as CDSD and HITRAN choose to compute pressure broadening
by a semi-empirical expression that accounts, with fitted coeffi-
cients, for the broadening of ro-vibrational lines caused by self-
broadening and air-broadening for any pressure and temperature
conditions from a reference value at standard pressure and tem-
perature. This approach, while straightforward, neglects the effect
of other species in the calculation of the FWHM of Lorentz broad-
ening. In this work we have opted for a more complex approach
that accounts for the different broadening effects by generalized
and specific expressions for each effect. While these general ex-
pressions are often approximations and not valid universally, they
do offer a more flexible approach to different conditions and gas
mixtures that ro-vibrational state of the art databases do not pos-
sess. These statements are not meant as a final judgement on the
approaches that should be used but more of a comment on the
relative merits and disadvantages of both methods. While both ap-
proaches will be close in value at low temperature, enough for a
relatively fair comparison of lineshape calculation, the values will
diverge for other conditions which will not yield a fair compari-
son between lineshape calculations using different methods. This
is mitigated by the fact that Lorentz broadening is only expected
to be significant at high pressures and low temperatures while
Doppler broadening, which can be computed through an analyti-
cal expression, will be dominant at higher temperatures. The the-
oretical expressions for the different broadening mechanisms are
summarized below. Resonance broadening adapted from [5]:

— 8, N
AV =K, | Z=Ay— 1
1 g ul V?’ ( )

where K; = 1.2893 x 10719, g, and g; the upper and lower degen-
eracies, A, the Einstein coefficient, N; the lower level number den-
sity in m~3 and Vv the line position in cm~!. Van der Waals broad-
ening adapted from [74]:

_ 2 /2T, _
AV =K = 835 Niot D2 2
2C0 Mavg tot ( )
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Table 1

Description of parameters format for CDSD-4000. The parameters in the first half of the table are the ones used in the
refitting. Some parameters of the lower half of the table are saved for possible future reference but are not used in the
refitting. The data is not ordered as represented in this table. [6].

Symbol Parameter Comment

I Isotope index Ordered by terrestrial abundance
v Line position cm!

A Einstein A-coefficient s!

E" Lower state energy cm~!

{270 VR L VA of Upper state vibrational numbers

v{, vy, I, vj, v  Lower state vibrational numbers

b Branch P,QorR

J’ Lower state ]

w” Lower state Wang symmetry eorf

M Molecule M = 2 for co,

S Intensity cm~!/(part.cm~2) at 296K

Y air Air-broadened half-width cm~'atm~! at 296 K

V self Self-broadened half-width cm~'atm~! at 296 K

Nair Temperature-dependence exponent for y

8 air Air pressure-induced line shift cm~'atm~! at 296 K

Ngelf Temperature-dependence exponent for y s

p,c,n Upper state polyad, Wang symmetry and ranking number c=1(e) or c=2(f), n’ =1
p’, ", n" Lower state polyad, Wang symmetry and ranking number c¢=1(e) or c =2(f), n” = 1"

where K; =1.95 x 10728, ¢y the speed of light in m/s, Tgs the
gas temperature, Mavg the average molar mass of the mixture in
kg/mol, Niot the total number density in m=3 and v the line posi-
tion in cm~!. Collisional broadening adapted from [5]:

AV = ;,/8anTgas 3 N
0 i

(ri +R)? 3)

+/ Mred

where ¢ the speed of light in m/s, kg the Boltzmann constant, Tg,s
the gas temperature, N; the number density of perturbing species
iin m~3, [i,q the reduced mass of the radiative and perturbing
species system, r; the radius of perturbing species i in meters and
R the radius of the radiative species.

3.4. Selection rules and rotational branches

CO, is a linear triatomic molecule with 3 degrees of vibrational
freedom, symmetric stretching denoted v¢, bending denoted v, and
asymmetric stretching v3. The bending mode is also associated
with the vibrational angular momentum I, with possible values v,
vy —2, .., 1 or0.If I, =0 only even or odd rotational numbers ex-
ist besides J = 0. Furthermore, rotational levels have alternating e/f
parity such that if level J has e parity J + 1, if it exists, has f parity.
Rotational levels also have an absolute minimum equal to I, which
does not mean that the lowest rotational number of a level is the
same as [, but rotational levels which are below [, do not exist.
The collection of numbers {vq, vy, I, v3, J} plus the parity label
constitute the spectroscopic assignment of a ro-vibrational level of
C0,. The selection rules for ro-vibrational electric dipole transitions
on a linear triatomic molecule allow for three different cases [8]:

1. Al=1I,-1/=0and [ =0, only has P and R branches.

2. Al=1,—-1) =+1, has P and R branches with a strong Q
branch.

3. Al=1, -1/ =0and [ # 0, has P and R branches with a weak
Q branch which is not always observed experimentally.

The branches, P, Q and R occur when AJj =] —J” is -1, 0 or
1 respectively. Additionally the selection rules for e/f parity ap-
ply: for P and R branches parity must be conserved (e <> e or f
<« f) and for Q branch parity must be changed (e « f). The pos-
sible ro-vibrational transitions between two vibrational levels are
illustrated in Fig, 1 assuming that all rotational levels exist, i.e.
that both v/ and v/ have I, > 0. Care must be taken when deal-
ing with cases 2 and 3 as the alternating parity of rotational num-
bers can create two different transition groups, one group with P,

J'+2/e

\J "
v J+1Uf

Yl gy
J -2l

-
-

Fig. 1. Possible ro-vibrational transitions between upper and lower levels.

R branches ending in e levels and Q branches ending in f levels
and another group with P, R branches ending in f levels with Q
branches ending in e levels. Separate treatment of the same tran-
sition is necessary especially for higher rotational numbers as the
separation between e and f levels becomes irregular and the two
groups become distinct in their spectral position.

3.5. Energy level fitting

The energy E,; of a level with vibrational quantum state v and
rotational state | have been fitted using the least squares procedure
to the following expression:

Ey=Gy+BUJ+D]I-DUJ+ DI +HUJJ+DP (4)

Inevitably several fits will be performed on the same level v/, most
of which are discarded as only the fit with the smaller squared
norm of the residual is kept. Some extrapolation may be required
as the fit was performed between a J,i, and Jmax- If Jyin is higher
than I,, the rotational numbers in between will be missing. For ev-
ery level, J,in is replaced by max(l, 1) if Jmax is odd or max(l,,
2) if Jmax is even. The differentiated treatment ensures that Ju;,
is consistent with the rotational numbers parity. Jmax also needs
to be extrapolated as usually the highest rotational level is not
enough to cover the regions where the transition is not negligi-
ble. As such all fitted polynomials are considered to be valid up to
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Jmax + 100. This ensures that most of the relevant levels are cov-
ered and the partition function is recovered. As validation of this
method, Fig. 2 presents the internal partition function calculated
by direct summation compared with values from literature [75],
CDSD1000 [73] and of CDSD4000 [6]. The partition function com-
puted through this method is overlapped with the values from lit-
erature thus validating this approach.

3.6. Transition fitting

Vibrational transitions are related to ro-vibrational transitions
through [5]:

. "
A xS x By =AY, (5)

where A',j;, are the vibrational Einstein-A coefficients, S%,, the
Honl-London factors, Fy j» the Herman-Wallis factors and A%,, the
ro-vibrational Einstein-A coefficients. The Hénl-London factors ac-
count for the rotational separation of a vibrational transition into
P, Q and R branches and are normalized by the factor (2J' +1).
These factors are summarized in Table 2. The Herman-Wallis effect
is a correction of the separation into rotational branches and is ac-
counted for by the Herman-Wallis factor with a different form for
each rotational branch [8]:

2
I‘}?]N — [1 —A]_]// _"_AZ]//Z _A3]//3] (6)

FS, = [1+AJ (" + D (7)
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Table 2
Honl-London factors from [8]. These factors are only valid
for Al=-1,0, 1.

Branch Al=0 Al #0
P DY) (" =1- A"~y A
7 7
Q @2 "1+ ANl AD Q)" +1)
7D e
R U141 (11 (/4241 AN 141 Al
T 207+1)
2
R 1 7" 2 1 3
Ry =[1+A0"+ 1) + A0+ 12 +As(" +1)°]" (8)

The Honl-London factors and the ro-vibrational transition mo-
ments are fully determined through databases. However, the vi-
brational Einstein coefficients and the Herman-Wallis coefficients
Aq, Ay, Az and Aq are not included and need to be computed. It is
worth mentioning that since the P and R branches share the same
coefficients, the fitting should be done simultaneously for the two
branches. Thus the least square fitting procedure is applied to the
following equation:

Al
5 =° ©)
1y

AZ:’ X Fj/,]// —

Figs. 3 and 4 present examples of transition fitting using equa-
tion (9). Fig. 3 presents the fitting of transition 00011 — 00001
which has a P and R branch while Fig. 4 presents the fittings of
transition 01111 — 01101. In both cases the fitting is able to
match very well the data contained in CDSD4000. The reconstruc-
tion of these fits can be seen in Fig. 5 where data is used to recon-
struct the ro-vibrational information contained in CDSD4000 and
HITRAN. This reconstruction provides some validation of the fit-
ting procedure ability to reconstruct the ro-vibrational information
from vibrational specific data, as transitions 00011 — 00001 and
01111 — 01101 are reconstructed without any obvious flaws. The
perturbations in the high rotational levels in the P and R branches
are not reconstructed and when Jmax is extrapolated these pertur-
bations are not reproduced.

3.7. Transition database creation

Transitions in CDSD4000 are organized by their vibrational as-
signment excluding all the isotopes except the main one. The data
associated to these transitions is used in the fit according to equa-
tion (9). Regarding the possible electric dipole transitions in €0,
the ideal case would be the following procedure:

1. First case is only fitted once for P and R branches since no
Q branch exists.

2. Second case is fitted once for P and R branches and another
time for Q branch if I}, or I are equal to zero. If this is not
the case, four fits must be performed: one for P and R with
e symmetry, another for P and R with f symmetry, one Q
with e and another Q with f.

3. Third case is always fitted four times as in the second case
when both [, are greater than zero.

Some transitions have missing data or exhibit perturbations.
Due to this missing/perturbed data, not all transitions can be suc-
cessfully fitted. In a previous work [7], an attempt was done to
develop a universal fitting approach. In this work, a different ap-
proach is considered where the data associated to transitions is
analyzed and then classified into different categories. Thus, tran-
sitions are classified into a "usable” or "non-usable” categories de-
pending on how much missing/perturbed data has been identified.
Subjective merits such as the smoothness of the branches and the
shape of the curves are used when classifying transitions as well.
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Table 3
Total number of cases considered for re-fitting di-
vided by fit case and category.

Category Case 1 Case 2 Case 3
Total 4146 111,843 88,863
Usable 761 1720 1772
Not Usable 2206 42,054 40,208
Too small 1179 68,070 46,883
Usable/Total(%)  18.0 1.5 2.0

Additionally, a category for transitions which do not have more
than 20 points for P and R branches separately is used to ensure a
minimum amount of data is available for the fit.

The number of vibrationally specific transitions, excluding
unidentified transitions, is approximately 2.5 million. In order to
reduce the considered dataset and as a first approach, only transi-
tions with v} << 4 are considered. Table 3 presents the total num-
ber of transitions that meet the criterion 0 < < 4. The number
of transitions in each category (“usable”, “non-usable”) after clas-
sification, as well as the percentage of usable transitions for each
case, are listed in Table 3. Each column represents one of the cases
for the possible electric dipole transitions for linear polyatomic
molecules. Here we only consider transitions on the 4.3pm spectral
region of the C0, spectrum. The resulting database is comprised
by the upper and lower level assignments, Einstein coefficients,
Herman-Wallis coefficients and the lower level Wang symmetry.

For some transitions the Q branch data is missing. If this is the
case, the coefficient Aq is considered to be zero. Convergence is-
sues have been observed if As is considered in the equations to

be fitted. As such, A3 was neglected and fitting only occurred with
A1, A; and Aq. It was also found that filtering out perturbations
and/or neglecting high rotational levels was required to obtain a
good quality of the fits.

There is a way of reconsidering previously discarded transitions
as well as including transitions outside the scope of the first classi-
fication process. A script was developed to compute the absorption
for every ro-vibrational transition inside a specified spectral range
in CDSD4000. By specifying a temperature and number density it
returns a list of transitions which are above a specified threshold of
absorption. This list can then be compared against the transitions
in CDSDv and missing transitions can be (re-) considered for clas-
sification. This process may be iterated over different temperatures
and spectral ranges to improve accuracy. It also includes transitions
outside the previous criterion 0 <} < 4.

Transitions that are reconsidered for classification will be clas-
sified again. In many cases it is impossible to fit these as the data
does not have internal structure when seen through Eq. (9). In
these cases it is not possible to fit any expression. These transi-
tions may still be considered by averaging the RHS of Eq. (9) after
the removal of outliers by the interquartile range method, while
neglecting the influence of the Herman-Wallis factor:

. A
v = l”,,{ . (10)
l//]//

With this averaging method, we are able to obtain a list of vibra-
tional Einstein A coefficients. Databases such as CDSD and HITRAN
use a cut-off criteria for ro-vibrational transitions, deciding which
are included or discarded. Due to this cut-off criterion, the pro-
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posed averaging will overestimate the average of Einstein coeffi-
cients for a given transition. For now, only electric dipole transi-
tions are included in the averaging process. Later on, transitions
with |AlL| > 1 may be added to CDSDv however this falls out-
side the scope of this work. Fig. 6 presents the difference in the
absorption coefficient between a simulation with and without Ein-
stein coefficient averaging for 1 atm of pure c0, at 2000K with the
exact lineshape on the left and the convolution with a 10 cm™!
wide square apparatus function on the right. There is a notice-
able impact by including the averaged transitions in the database.
This inclusion is necessary for better accuracy at higher tempera-
ture regimes. The results in this paper are obtained by retaining
the averaged transitions in CDSDv.

4. Comparisons against other databases
4.1. Absorption coefficient

The absorption coefficient for 1 atmosphere of pure co, was
computed using CDSDv in the spectral range of 145 to 5500 cm™!
at 296, 1000, 2000 and 3000 K and compared with the results of
SPECTRA [76] using HITEMP. The results are plotted in Fig. 7. The
figures on the top present the results for the 296 and 1000 K case.
In both figures, the peaks for the represented bands (left to right,
15, 4.3, 2.7 and 2.3 pm) are well matched as well as the wings of
these bands, especially in the case of 1000K. The figures on the
bottom present the results for the 2000 and 3000K case in which
the absorption peaks are relatively well matched but CDSDv over-
estimates the inter-band region by several orders of magnitude.
This is the consequence of transition averaging that was introduced
in Section 3.7. Despite the overestimation in these regions, the
relative magnitude of the radiative peaks in these regions is low
when compared to the peaks located inside the spectral bands. At
2000K, this difference is up to 2 to 3 orders of magnitude in the
worst case and is considered to be negligible. At 3000K the differ-
ence can be less than one order of magnitude and it’s effect may
no longer be considered to be negligible in some spectral regions.
As a future update to the database, steps may be taken to ensure
the averaging procedure does not overestimate the “global” radia-
tive intensity for the averaged transitions.

4.2. Radiative power

The total radiative power of CDSDv is assessed by comparing
the contribution of 0, IR radiation for an equilibrium Martian-like
97% C0, - 3%N, mixture to other authors. This comparison is shown
in Fig. 8. The full lines are the contribution of c0, IR radiation to

the total radiative power by Lino da Silva [26] in grey, by Perrin
et al. [43] in red and CDSDv in blue. The dashed lines in black and
red are the contribution of other systems relevant to the C0,-N,
mixture. The three calculations of the contribution of 0, radiative
power are in reasonable agreement. CDSDv slightly underpredicts
both results from Lino da Silva and Perrin et al., although the lat-
ter seems to approximate CDSDv on the low and high temperature
limits of the calculation.

4.3. Performance

The performance of the CDSDv database was assessed by us-
ing an in-house tool for the calculation of the emission and ab-
sorption spectra from the Dirac properties of radiative lines as de-
scribed in [57] and in Section 3.2. The same calculation was also
performed using the CDSD4000 database. In summary the process
in [57] sorts lines into “strong” and “weak” categories. Strong lines
are checked for coverage of other strong lines and processed by
explicitly computing the Voigt lineshape (if they are uncovered by
other lines). Weak lines are treated as pseudo-continuum. Perfor-
mance largely depends on the distribution and number of strong
lines. Results for this calculation are summarized in Table 4. Each
set of results is one of four possible combinations between tight
and lax numerical parameters and a spectral range of 2000-2500
or 2100-2500 cm~!. Tight and lax parameters refer only to the
threshold below which lines are considered weak and above are
considered strong. In each combination of parameters and spec-
tral range the radiation of 1 atmosphere of pure c0, is simulated
at 1000, 2000 and 3000K corresponding to Time 1, 2 and 3 re-
spectively. Also presented are the maximum RAM (Random-access
Memory) used in each simulation and the input file size. In Fig. 9
the ratios of calculation times and the ratio of strong lines be-
tween CDSD4000 and CDSDv is plotted. Although this is not an
extensive performance test there are some trends that might be
suggestive of the general relative behaviour of both databases. The
first trend is that increasing temperature decreases relative perfor-
mance but always maintains it above one. At low temperatures the
performance difference is mostly impacted by the calculation of
the pseudo-continuum. CDSD4000 with approximately 81 million
lines will underperform when compared to the 5 million lines in
CDSDv. At higher temperatures the calculation time is dominated
by the number of strong lines that need to be treated. In tests 2
and 3 the ratio of strong lines can be between 1.1 and 1.5 as shown
in fig 9 which leads to performances usually below a factor of 2
better between CDSD4000 and CDSDv. The second trend is that in-
creasing the spectral range and retaining lax numerical parameters
leads to better performance of CDSDv. In a small spectral range the
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Table 4

Performance of CDSD4000 and CDSDv using the method of described in [57] using tight or lax numerical parameters in a

spectral range of 2100-2500 or 2000-2500 cm~'.

#  Parameters Range (cm~!)  Database Time 1 (s) Time 2 (s) Time 3 (s) Max RAM # Lines

1 Tight 2100- CDSDv 30.98 329.58 2855.43 446.3 MiB 4,266,280
2500 CDSD4000  85.18 356.25 3891.64 3.830 GiB 37,497,133

5 Lax 2000- CDSDv 20.11 145.11 1007.92 607.75 MiB 5,867,324
2500 CDSD4000  174.95 341.63 1773.45 7.985 GiB 81,963,950

3 Lax 2100- CDSDv 17.09 124.82 613.40 442.7 MiB 4,266,280
2500 CDSD4000  65.53 183.89 791.06 3.660 GiB 37,497,133

4 Tight 2000- CDSDv 39.95 574.38 6846.50 608.14 MiB 5,867,324
2500 CDSD4000  181.62 738.41 12253.16 7.963 GiB 81,963,950

number of strong lines in CDSD4000 and CDSDv will be approxi-
mately the same. With a greater spectral range and sufficiently re-
laxed numerical parameters, (while maintaining safe margins for
faithful reproduction of the exact spectrum) a better global perfor-
mance might be achieved. Something worth mentioning and not
shown by this performance check is that it would be impossible
to simulate a full spectrum of CDSD4000 with the available com-
putational resources as is done in Fig. 7. This can be done with
CDSDv and at least in a smaller spectral range, CDSDv is always
faster than CDSD4000.

One last comparison was performed where the pseudo-
continuum method is not used. The purpose of this test is to make

a direct comparison of the number of lines used in CDSD4000 and
CDSDv and the computational times using the same thresholds but
without any numerical shortcut. In these simulations any line with
absorption and emission 10° times smaller than the highest ab-
sorption and emission of the entire ensemble of lines is discarded.
The temperatures 1000, 2000 and 3000K are again considered in
the spectral range of 2000-2500 cm~!. The results for this cal-
culation are presented in Table 5. The total number of lines in
this spectral region are 5,823,586 for CDSDv and 81,963,950 for
CDSD4000. Only a fraction of the total number of lines are used
in these calculations. At 1000K both databases use a similar num-
ber of lines. CDSD4000 takes 63 seconds compared with the 23
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Table 5

Performance comparison between CDSDv and CDSD4000 for the cal-
culation of 1 atmosphere of pure co, at 1000, 2000 and 3000K. The
computational time is proportional to the number of lines considered
for the calculation.

Time (s) Number of lines
Temperature CDSDv CDSD4000 CDSDv CDSD4000
1000 K 23 63 35,314 35,832
2000 K 445 504 565,066 662,118
3000 K 1997 2873 2,230,224 3,416,204

seconds of CDSDv due to the time it takes to read the input file
of CDSD4000. At 2000K the calculation using CDSD4000 takes al-
most a minute longer than CDSDv due to the overhead from read-
ing a much larger input file and handling 100,000 more lines in the
calculation. At the highest temperature, CDSD4000 takes approxi-
mately 45 minutes compared against the 30 minutes of CDSDv. The
difference in the number of lines is also very significant with 2.2M
considered by CDSDv and 3.4M considered by CDSD4000. Obvi-
ously, this comparison is inconsequential if the obtained spectra
are too different. Fig. 10 presents the absorption coefficient ob-
tained from the calculations of 1 atmosphere of pure co, at 1000,
2000 and 3000K as in Table 5. The absorption coefficients were
convolved with a 10 cm~! rectangular apparatus function. For the
1000 and 2000K cases, the obtained spectra are quite similar but
in the 3000K case there are significant differences between the
CDSD4000 and CDSDv absorption coefficients. This is not necessar-
ily a deal breaker, as the pressure and the typical dimension of the
system also come into play in determining how important radia-
tive heating will be at this temperature. In the next section, appli-
cations of CDSD4000 in the literature are reviewed and compared
against CDSDv.

5. Comparisons against experimental data
5.1. Transmittance

The transmittance of CDSDv was computed according to the
test cases presented in [77] which include simulations using
CDSD4000 and experimental measurements. The conditions used
for these simulations are summarized in Table 6 where the let-
tered labels are the same as in [77]. The number density in each
case may be determined by N = xp/kgT where x is the fraction of

Table 6
Test cases in Lemal et al. [77].

Label T(K) p(atm) x(%) L(cm) A (cm™1)
a 500 1 100 54 30
b 1000 1 100 50 30
c 1203 1 43 54 40
d 1300 1 100 50 35
e 1550 1 50 50 10
f 1770 1 18 54 30
g 298 1 100 95.3 10
h 500 1 100 53.3 15
i 1000 1 5 40 15
j 1300 1 100 40 10
k 1500 1 100 7.75 25
1 300 0.66 6 5.14 50
m 667 0.5 11 9.64 10
n 1000 1 100 50 12
(o] 1200 1 100 7.75 30
p 1300 1 100 50 50
q 1500 1 53 7.75 10
r 1771 1 17 54 54
S 2850 1 24 2.34 20
t 500 1 100 534 7
u 1000 1 100 50 6
% 1203 1 43 53.7 3
w 1473 1 1 50 5
X 1950 1 53 3.12 5
y 2300 1 49 1.67 5

C0,. The transmittance t is computed for a length L through:
Ty = exp (—opl) (11)

where « is the absorption coefficient at position V. The quantity
A is defined in [77] as the spectral resolution which by itself is
poorly defined in this context. In this work it was taken as a mov-
ing average window for post-processing of the exact result. The
results for these simulations can be seen in Figs. 11-14 for the
2.3, 2.7, 43 and 15 pm regions respectively. Most cases are well
matched with experiments and/or calculations. Two cases stand
out as almost or completely mismatched with either experiments
or calculations, case b) and s).

Case b) is in the 2.3 pm region shown in Fig. 11. In this re-
gion, CDSD4000 does not perform particularly well against exper-
imental values. For instance the region between 5000-5200 cm™!
is completely missed. It is not surprising therefore to see a case
where refitted transitions from CDSD4000 do not perform well. It
is surprising that the 5000-5200 cm~! region is captured relatively
well by CDSDv in most cases. This might be purely coincidental
as benefitial result of extrapolations of CDSDv beyond the cutoff
parameter of CDSD4000 (since it is the lineshape routine which
adoptively manages these, instead of the databases). The region be-
tween 4600-5000 cm~! is also generally well captured, close to
experiments and calculations except in case d) where it is close to
calculations but far from the experimental points.

In the 2.7 pm region, (Fig. 12) CDSDv performs very well against
experiments and calculations except in case i) where the absorp-
tion coefficient is underestimated and thus, the transmittance is
overestimated.

The 4.3 pm region, shown in Fig. 13, displays also the other
worst case, s). Here, the gas temperature is already high enough
(2850 K) and the gas dimension small enough that any initial dis-
crepancy is enhanced as per Eq. (11). The absorption has to be very
well estimated to capture the region where 0 < - < 1 as it hap-
pens in case s) where transmittance is between 0.2 and 0.8 in the
region of 2050 — 2375 cm~!. All other cases are close to experi-
mental calculations and experimental measurements except case
1) where most points between 2300-2475 cm~! are closer to the
CDSDv line than CDSD4000.
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wide rectangular apparatus function.

The last spectral region treated in this work, 15 pm is
shown in Fig. 14. In these cases CDSDv fares as well as or
better than CDSD4000 as in cases w), x) and y). The reason
for this might be that calculations with CDSD4000 are usually
performed with the Lorentzian HWHM coefficients present in
the database. These coefficients only account for self-broadening
and/or air-broadening. CDSDv does not assume any coefficients

for Lorentz broadening relying instead on general expressions
that account for different collisional effects, including differ-
ent mixtures than the ones used in CDSD4000. Cases w), X)
and y) are cases where the gas mixture is not fully com-
posed of c0, and therefore, Lorentz broadening cannot be fully
accounted using self-broadening only as it is usually done in
CDSD4000.
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Fig. 11. Transmittances for test cases listed in Table 6 compared against the same listed in [77] for the 2.3 pm region, cases a through f.

5.2. JAXA Mars entry condition

Measurements of IR radiation of c0, were performed out in
JAXA expansion and shock tube facilities and reported in [79].
Pannier and Laux carried out a numerical and radiative analysis
using the code RADIS [80] and the CDSD4000 database [78]. Fig. 15
displays the framework for the calculations carried out in [78]. The
line of sight is composed of three cells. The first and the last have
the same size and gas conditions. Part of the work developed by
Pannier and Laux was to assess which conditions in the three cells
would make a better match for the experimental measurements.
The first and last cells would be considered “freeflow” cells charac-
terized by low pressure and non-equilibrium. The freeflow condi-
tions were estimated by measurements performed with the line of

sight blocked by the model in the expansion tube. The conditions
in the freeflow were then determined to be: Teg = Tcopy = 2200K
and Tgas = Tror = 1690K at a pressure of 17 mbar with the molar
fraction of co, being 0.606 and co 0.257. The center cell would be
the “forebody” region chracterized by a high-pressure shock wave,
thermal equilibrium and strong dissociation of c0,. With the free-
stream conditions fixed, the center cell is considered to be at T =
4000K with a pressure of 1 bar. €0, is mostly dissociated amount-
ing to only 0.027 molar fraction and €0 corresponds to 0.520 molar
fraction. The radiance is computed through the radiative transfer
equation:

L) = ;—’;a — exp (—and)) + LY, exp (—and) (12)
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where €, is the emission coefficient and «;, the absorption co-
efficient in the n-th cell and d is the length of the cell. The
absorption coefficient calculated with CDSDv already includes
a self-absorption correction. Fig 16 shows the best case result
presented in [78] and briefly described in this paragraph. It also
displays the same case computed with CDSDv and our in-house
radiation code (SPARK line-by-line). The experimental and numer-
ical results are reproduced quite well by CDSDv. There is a small
underprediction in the tail region between 4600-4900 nm. Ac-
cording to the analysis carried out in [78] C0 is the main radiator
in this region and a detailed comparison showed that out database
describing co IR radiation might need an update. In the cases
described in this work however focus will be on €0, radiation and
as such, an update on the co database will be left for future work.

5.3. EAST Shock tube - MSL conditions

A shock tube experimental campaign was performed in the
Electric Arc Shock Tube (EAST) facility in NASA Ames Research Cen-
ter to replicate the conditions experienced by the Mars Science
Laboratory (MSL) which landed on Mars in 2012. These series of
tests are known as EAST test suite 55. A work analysing the ra-
diative heating experienced by MSL during atmospheric entry was
published by [2] which uses data from the aforementioned cam-
paign to explain the measurements obtained by the MSL thermo-
couples embedded in the heat-shield. Data was taken from this
campaign from the conditions which most resemble the peak ra-
diative heating, shots 9 and shot 30 and additionally shot 19 is also
considered in this work as a low pressure case the radiative signal
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7 L of two different kinetic models. Table 7 presents the conditions in-
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v

Fig. 15. Schematic for the calculation performed in [78] to reproduce the results
in [79].

side the shock tube for each considered shot.

In the low pressure case (shot 19), using the in-house code
SPARK, the 1D shock relaxation is solved using Park’s kinetic
scheme described in [81] or Cruden’s kinetic scheme described
in [82]. Park’s kinetic scheme does not consider Ar and Cruden’s
kinetic scheme does not consider Ar and N, and as such these
species were neglected in their respective simulations. From the
1D relaxation, the pressure, molar fractions, vibrational tempera-
tures (shared by c0, and c0) and gas temperatures are obtained
and the radiance of the flow is obtained considering a 10.16 cm
tube (EAST dimensions). Eq. (12) is used to compute the radiance
without the additional term on the right hand side of the equa-
tion. Fig. 17 presents the measured and calculated radiance us-
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Table 7
Conditions and measured spectral region in EAST for shots 9, 19 and 30 of test 55. The molar com-
position is the same for all shots and all were performed at ambient temperature.

Shot #  Pressure (Torr)  Shock s peed (km/s)  Spectral Region (um)  Molar composition

9 1.0 3.69 4.3 95.8% co,

19 0.1 5.52 43 2.7% N,

30 1.0 3.64 2.7 1.5% ar

0.30
—— CDSDv exp.
€ 0.41 o Experiment 0.25 1 Park
% o CDSD4000 T; ’ Cruden
L03 ~'0.201 exp. smoothed
1S € :
L ]
=02 =
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Fig. 16. Measurement and calculation of radiance in the shocked flow around a
model of a spacecraft. Experiments were carried out by [79] and the calculation Fig. 17. Measurements and calculations of the radiance for a shock-wave of a 0.1
using CDSD4000 by [78]. The calculation using CDSDv was performed for this work. Torr gas with a composition of 0.958 co,, 0.027 N, 0.015 Ar at 5.52 km/s.

Shot 9 was measured in the 4.3 pm region and shot 30 in the
ing Park and Cruden kinetic models. The measured radiance was 2.7 pm region. The simulated shot 9 is in very good agreement
smoothed out for aiding in visualization. The radiative signals from with the experimental results, the abrupt end in calculated signal
Park and Cruden models are very similar for this shot. Both peak at at the end is due to an early stop in the simulation. On the 2.7 pm

the same position and relax in comparable time scales. The post-  region there is no agreement with the experimental values and the
shock tail is also very close two centimeters after the shock. While signal is not simulated fully along the test distance. The mismatch
not completely in equilibrium in the measured distance after the ~ between experiments and simulations in this spectral region is at-

shock, there is a small difference in the equilibrium parameters  tributed to missing transition data in the 2.7 pm region of CDSDv.
due to the inclusion of N, in Park’s model. The experimental peak

is approximately twice the calculated peaks. 5.4. Atmospheric plasma torch
In the high-pressure case, using an equivalent stagnation line
profile for the flow, kindly ceded by B. Cruden, the aforementioned In the work of Depraz et al. published in two parts [84,85],
treatment is applied with Eq. (12). Instead of the ideal 1D post- an high-temperature c0, microwave plasma is studied and char-
shock flow, the equivalent stagnation line accounts for diffusion acterized. The radiance of the plasma was measured at a height
effects across the shock-wave as described in [83]. In Fig. 18 the h of 6 and 20 mm and also at different distances from the cen-
measured and calculated radiance of shots 9 and 30 are plotted. tral chord of the plasma. These measurements are compared with
1.0
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Fig. 18. Measurements and calculations of the radiance for a shock-wave of a 1 Torr gas with a composition of 0.958 co,, 0.027 N, 0.015 Ar at 3.69 km/s in the 4.3 pm
region (left) and 3.64 km/s (right) in the 2.7 um region.
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performed using CDSD4000 and CDSDwv.

calculations using CDSD4000. In this work we will focus on the
measurements taken at different heights in the central chord.
Fig. 19 presents the radial profile of the plasma torch. The con-
tinuous profile was divided in ten cells and its conditions averaged
to yield the discrete profile in Fig. 19. For this calculation the full
diameter profile is taken, with the two cells closest to the center
merged, according to the line of sight. Again, Eq. (12) is used along
the line of sight with the self-absorption correction.

Fig. 20 presents the results for the 4.3 pm region at the two
heights, 6 (left) and 20 (right) mm. In this spectral region calcula-

tions were performed including and excluding the radiation from
C0. By including co there is a non-negligible effect in the region
1200 — 2250 cm~!. Most notably, the radiative peak is higher and
the region 1800 — 2050 is closer to experimental lines than the cal-
culation without co. CDSDv curves in the 2250 — 2400 cm~! region
are matching CDSD4000 quite well at h = 6 but fail otherwise. The
radiative peak, while close in magnitude, is blue shifted by a bit
less than 20 cm~!. Both databases overestimate the experimental
measurements in the 2150 — 2400 cm~! region. At h = 20 mm, the
analysis is similar, except the 2150 — 2400 cm~! region is well pre-
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dicted by CDSD4000 and overestimated by CDSDv. The peak is still
blue shifted by a similar value as in the h = 6 measurement.

Fig. 21 shows the results for the 2.7 um spectral region. The
figure on the left is the measurement and calculation correspond-
ing to h = 6 mm and the figure on the right to h = 20 mm. In this
region CDSDv underestimates the experimental and calculated re-
sults in the work of Depraz et al. The inclusion of c0 in this region
does not change the radiative profile significantly and is therefore
deemed negligible.

The underestimation in the 2.7 pm region is attributed to tran-
sition data missing from CDSDv. A review of this spectral region
might improve the results for a better match with experimental
results. In the 4.3 pm region, where most time was devoted to
the construction of CDSDv, the situation is more complex. Although
there might be some missing information in the 1900 — 2150 cm~!
region, there might also be an issue with the refitting procedure
carried out during this work. A better translation of the data con-
tained in CDSD4000 (in refitting and averaging procedures) is pos-
sible and it could improve results to the point where a better
match with CDSD4000 calculations would be achieved.

6. Conclusions

We have presented a method for refitting ro-vibrationally spe-
cific radiative databases in the format of HITRAN, HITEMP, and
CDSD to vibrationally specific. We have applied this method to
the refitting of CDSD4000 and have branded the resulting database
CDSDv. The use of these compact databases carries several advan-
tages over the original ones:

» Both level and transition databases fit in an email attach-
ment, two binary files 10.6 MB in total, 16.6 MB in ASCII
format.

o The total number of ro-vibrational lines is greatly reduced in

the main spectral regions of interest. For example, in the 4.3

pm region, the 81 million lines from CDSD4000 are reduced

to 5 million lines in CDSDv.

Possibility to separate vibrational and rotational modes with

individual temperatures.

e This reduced number of lines leads to lesser computational

overheads, namely regarding memory and processing power.

While a full spectrum comparison could not be carried out

in this work, due to the large size of CDSD4000, a stan-

dard laptop is able to simulate a full high-temperature co,
infrared spectra in a reasonable time, using CDSDv.

Several experimental and calculated results were adequately

reproduced by CDSDv which may therefore be considered

experimentally validated.

Naturally, a few disadvantages also exist:

o The reordering of the CDSD database from frequency-based
to quantum transition based may in some cases be a disad-
vantage, such as in atmospheric sensing applications, where
only a specific spectral window is of importance

e In addition to the loss of accuracy already mentioned, it is
not possible to account for perturbations in the spectra us-
ing our method.

Owing to the aforementioned points, CDSDv is a database ap-
propriate for the calculation of high-temperature, broadband co,
radiation, such as in the case of Mars atmospheric entries. In some
cases it exceeds the performance of CDSD4000, which can be at-
tributed to the more generic methods applied for the calculation of
Lorentz broadening, whereas CDSD4000 is more limited in the gas
mixtures selection, as regarding broadening mechanisms. In trying
to reproduce other results, CDSDv sometimes failed to achieve an
excellent match. Most notably, cases where c0, can be found at

a relatively high-temperature are not always well reproduced by
CDSDv. These results may be improved by reworking the averag-
ing procedure, the refitting procedure in some circumstances and
by including more transition data in regions where these might be
lacking. As an example, preliminary tests have shown that extend-
ing the expressions for the Hermann-Wallis coefficients, namely
adding a reciprocal term in Eqgs. 6-8 (in the form of C/] where C
is a fit parameter), may bring a non-negligible number of bands
currently considered to be unfitable back in the fitable range. All
of these changes will be postponed to a future version of CDSDv.
The current version of CDSDv, is nevertheless considered mature
enough to be of use to the community.

CDSDv is part of the libre code SPARK line-by-line. Both can be
handed upon request [86].
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