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ABSTRACT

In spite of the crash of Schiaparelli in October 2016, fol-
lowing a nevertheless successful aerothermodynamic en-
try, data from the infrared radiometers ICOTOM embed-
ded of the COMARS modules was sent to the orbiter be-
fore and after the blackout phase. Three pairs of radiome-
ters were located in line on the backshield of the probe
in order to monitor the infrared radiation received by the
thermal protection system from CO and CO5 molecules.
Teams from different laboratories joined to develop mod-
els and experimental analysis in order to extract scinetific
knowledge from the recorded data.
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1. OBJECTIVES OF THE ICOTOM RADIOME-
TERS ON SCHIAPARELLI

CNES (Centre National d’Etudes Spatiales - The French
Space Agency) set a consortium of laboratories and com-
panies in order to derive irradiance data from the mea-
surements made by the ICOTOM radiometers during
Schaparelli Martian entry within the Exomars 2016 mis-
sion and to be able to rebuild the infrared (IR) radiative
field around the probe. These radiometers are basically
made of a sensor, a filter and a fiber optics as shown on
Fig. 1. An important fact is the collection solid angle of
the fiber optics that allows to collect radiation in a nar-
row cone (half angle 17.5) downstream to the probe back
shield. The radiometers are embedded on the COMARS
modules that are set along a line into the Schiaparelli back
cover. Each COMARS module contains two ICOTOM
radiometers, so called B1 and B2 in the following, with

different filters able to detect radiation in two different
midinfrared ranges. B1 spectral range allows to record
CO5 cold bands and CO rovibrational transitions while
B2 spectral range corresponds to CO5 hot bands. More
details about the way the COMARS modules are set in
the heat shield are given in [1] but Fig. 2, adapted from
that article, explained how the six ICOTOM radiometers,
with their reference numbers, are located along with the
three COMARS modules. The total radiometer installed
on the edge of the shield also provided valuable data that
can be compared to the ICOTOM radiometer data in the
COMARS3 module.

Within this study, the objective of CNES is mainly to im-
prove TPS (Thermal Protection System) design and to
limit the margins for the afterbody heat shield by a better
IR radiative flux quantification during the descent mod-
ule Schiaparelli entry. Nevertheless, the objectives of the
consortium are more connected to the Schiaprelli mis-
sion. They consist in answering to the following ques-
tions: What is the meaning of ICOTOM data in terms
of radiative flux density? What was the chemical com-
position of the afterbody plasma? What was the ther-
modynamic (equilibrium-nonequilibrium) status of the
plasma? Which molecular transitions contribute to the
IR afterbody radiation? In order to reach those purposes,
a global strategy was set including a review of the ICO-
TOM calibration data necessary to get irradiances from
the ICOTOM rough signals, a study of the behaviour
of ICOTOM radiometers in front of laboratory plasmas,
the development of a state-to-state model for CO, ki-
netics as well as a non-equilibrium radiative model for
this molecule, and numerical calculations, including the
previous models, in order to rebuild the flowfield around
Schiaparelli and the irradiances measured during the en-
try.
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Figure 1. Sketch of an ICOTOM radiometer with espe-
cially the semi-angle of collection of the fiber optics.

2. CALIBRATIONS - FLIGHT DATA ANALYSIS

Some calibrations were made by the ICOTOM manu-
facturer, Le Verre Fluoré (LVF), and by DLR, that was
responsible of the COMARS modules. Moreover some
complementary calibration data are available for spare
models (04QMB1 and 07QMB2) from calibration tests
carried out after the flight. The reason of those post-flight
tests is the unexpected COMARS temperature during the
entry phase (-27°C). Unfortunately, no tests were per-
formed with the flight models at a so low temperature
and spare models were used to know the behaviour of the
ICOTOM siganl at low temperatures. Indeed, as it can be
seen on Fig. 3 and 4, the ICOTOM signals depends on its
own temperature, especially for B1. Moreover departures
between LVF and DLR calibrations were found. A care-
ful review and complementary tests carried out in CO-
RIA, allowed to conclude that the DLR calibration was
more reliable. The DLR data together with the CORIA
data has then been used to derive the hemispheric irradi-
ances for the S2 point of Fig.5, about 2 kW.~?2 for ICO-
TOM B2 and 5 kW.~2 for ICOTOM BI1 (besides ICO-
TOM 08FMBI1 around 8 kW.~2). Considering that a part
of the radiation collected by the ICOTOM Bl is also col-
lected by the ICOTOM B2, a comparison can be made
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Figure 2. Locations of the ICOTOM radiometers in the
COMARS module on the back cover of Schiaparelli.
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Figure 3. Dependance of the ICOTOM radiometer Bl
signal on their own temperature.

between the value obtained by the total radiometer (9 +
1,2 kW.m~2 [1]) and the corrected values provided by
ICOTOM 08FMBI1 and 13FMB2 (10,3 4= 0,9 kW.m~2).
The agreement is quite satisfying so far. It is nevertheless
necessary to notice the main sources of uncertainty about
the ICOTOM temperatures during the netry phase (£3K)
and the relative behaviour between the flight models and
the spare model used for calibration.

Results are here given in terms of hemipheric irradiance
but, considering that both the total radiometer and the
ICOTOM radiometers has an angle of collection and that
the plasma is not homogeneous in front of them, further
results should be given by unit of solid angle.

3. EXPERIMENTAL STUDIES

In order to better understand, the signal delivered by the
ICOTOM radiometers when they are exposed to a non-
equilibrium plasmas, some of them was exposed to lab-
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Figure 4. Dependance of the ICOTOM radiometer Bl
signal on their own temperature.

oratory plasma jet corresponding to various conditions
of enthalpy, pressure and non-equilibrium. The selected
wind tunnels are presented on Fig. 6. Those facilities are:

e T64, a subsonic ICP with intermediate enthalpy (low
power and flow rate) and low pressure [2].

e SOUPLIN, a subsonic ICP with intermediate en-
thalpy (intermediate power and flow rate) and inter-
mediate pressure [3]

e PHEDRA, a supersocic arcjet with high enthalpy
and low pressure with a model [4].

The purpose was to carry out temperatures, density and
radiation measurements in the plasma with the ICOTOM
radiometers and other equipments. The produced sets of
data could be used for chemical kinetic and radiation code
validation. As examples, Fig. 7 shows a spontaneous Ra-
man spectrum for the CO molecule togeter with the best
fitting calculation, while Fig. 8 shows a two-photon ex-
citation spectrum of atomic oxygen, also with the best
simulation. Both spectra were recorded in the SOUPLIN
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Figure 5. ICOTOM rough flight data.

facility in pure CO5 plasma. Spontaneous Raman spec-
troscopy, as well as two-photon laser-induced fluores-
cence provide microscopic information such as transla-
tional, rotational and vibrational temperatures and ground
state densities.

4. CHEMICAL KINETICS IN MARTIAN PLAS-
MAS

Concerning chemical kinetics, the challenge was to de-
velop a model for the vibrational structure of CO3. Such
a model had to respect the physical reality (for example
Fermi resonances) as well as calculation constraints: be-
ing suitable for radiation as well as for chemical calcula-
tions, and light enough to be included in aerothermody-
namic simulations. A furthe objective was to make the
model able to take into account the intermode exchange
into CO5. For the other species, the model CoRaM-
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Figure 7. CO pontaneous Raman spectrum in a pure COo
plasma together with the best calculated fit.
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Figure 8. Atomic oxygen Two-photon laser-induced flu-
orescence excitation spectrum in a pure CO5 plasma to-
gether with the best calculated fit..

Mars [7], developed speciafically for Martian entry stud-
ies, was used. In order to calculate, the vibrational en-
ergy of CO,, the equation given by Tashkun et al. [5]
and reprocuded in Fig. 9 is used and the results are
compared with those of the Hitemp [6] database usu-
ally used for infrared radiation calculations at high tem-
perature (Fig. 10). The differences remain reasonable
even for relatively high vibrational energies. The fol-
lowing of the work was to make some groups in order
to reduce the number of considered levels. This satisfy-
ing description of the vibrational structure of CO, was
implemented in the state-to-state chemical calculations
and used for radiative transfer calculation in the plasma
surrounding Schiaparelli. However, the production of a
reduced model suitable for aerothermodynamic calcula-
tions (in order to have a consistent description) is still in
progress.
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Figure 9. Equation used for the calculation of the CO4
vibrational energies [5].
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Figure 10. Comparison between Tashkun and HITEMP
energy levels.

5. NON EQUILIBRIUM RADIATIVE TRANSFER

The radiative contribution to the flux on Sciaprelli back-
shield was determine using a ray-tracing method. The ra-
diative transfer equation is solved along each ray by con-
sidering the radiative properties of the medium (besides
scattering). As vibrational non-equilibrium is expected
in the plasma, calculations have to take into account dif-
ferent distribution models from the local thermal equi-
librium (1T) to the state-to-state distribution. An inter-
mediate description is to assign a specific temperature to
the three vibrational modes of CO5. Practically, the first
and second modes are so coupled that two temperature
T2 and T3 are sufficient together with the transletional
temperature supposed to be equal to the rotational one.
As described previouly, introducing non-equilibrium in
the CO4 vibrational distribution is a challenge but is nec-
essary because of its effects on the infrared radiation
on Schiaparelly bachshield [8]. As an example, non-
equilibrium conditions encountered in a conical nozzle
was used to illustrated the difference with an equilibrium
situation (Fig. 11).
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Figure 12. Temperature map in the flowfield around Schiaparelli calculated by the three codes used in the numerical part

of the study.
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Figure 11. Non-equilibrium spectrum calculated in
a conical nozzle expanding jet in 70%No, 20%COs,
10%H>0.

6. FLOWFIELD AND HEAT FLUXES

As for facilities, different approaches and codes were
used to reproduce the flowfield and the thermodynamic
conditions around Schiaparelli:

e MISTRAL is an engineer-oriented code able to inte-

grate advanced models [9].
e PINENS is an academic code able to deal with

radiative transfer (ray tracing) and state-to-state
model [10].
e NERAT is a global approach code with surface in-

teractions, turbulence, and specific fluxes [11] .

To illustrate, the results of each code, Fig. 12 show the
temperature maps calculated around Schiaparelli for a
given time. An important issue at the connection between
aerothermodynamic and chemical calculations is the dis-
sociation rate of CO5. Many models were proposed over
the past years and a review was made to quantify the in-
fluence of that parameter of the flowfield. In relation to

that issue, the vibrational relaxation of CO5 and CO was
especially studied to quantify its influence on the flow-
field. Evidences of a lower CO2 recombination appeared
close to Schiaparelli surface when vibrational relation
is carefully taken into account. First results concerning
the radiave fluxes are in good agreement with the ICO-
TOM measurements especially close to the shield edge
where ICOTOM and total radiometer measurements are
available. For the other locations, corresponding to the
other COMARS modules (see Fig.2), the present calcu-
lations performed with NERAT seem to underrestimate
the radiative flux. Because, no measurements were re-
covered from the blackout phasis, it is interresting to try
to rebuild the missing entry parameters and the compre-
hensive trajectory from the past Martian missions. It is
shown on Fig.14. By validating the calculations made for
the available trajectory points and using the rebuilt trajec-
tory, a satisfying knowledge of the infrared radiative flux
on the Schiparelli backshield can be expedted in the next
months.
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Figure 13. Comparison between radiative and total fluxes measured during Schiaparelli entry and calculated by NERAT.

7. CONCLUSIONS AND OUTLOOKS

Efforts were made to derive absolute flux densities from
the ICOTOM measurements. The rebuilding of the flow-
field around Schiararelli showed that an accurate descrip-
tion of the CO vibrational structure was of the utmost
importance in order to predict the afterbody infrared ra-
diative flux in a non-equilibrium situation. Numerical
simulations including state-to-state kinetics and radiative
transfer are now in progress to be compared to the ICO-
TOM meausrements and to be able to predict fluxes for
next Martian misions.
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