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Numerical simulations have been carried out to reproduce thermochemical and radiative processes behind a

strong shock wave for Titan-like mixtures. The chemical nonequilibrium is modeled by a two-temperature kinetic

code and the corresponding Boltzmann radiation is estimated by a line-by-line calculation. Assumptions of the

thermochemicalmodel are detailed because of their significant influence as we highlight for the thermodynamic data

at high temperature. The study of parameter sensitivity confirms the effect of the chemical kinetic scheme, the effect

ofCH4 proportion variation, and the pressure influence. The comparison with experiments carried out on a TCM2

shock tube is performed. Spectra, flux, and temperature time evolutions show a quite good agreement for intensity

but an approximate simulation of relaxation. Finally, the numerical results are compared to two more improved

models which better simulate the intensity and the decay rate of the CN violet system emission. All of the results

invalidate the Boltzmann assumption and so speak in favor of the development of a collisional radiative model for an

accurate description. Nevertheless, the two-temperature model detailed in this paper provides a good estimation of

the CN emission so it could be efficient for coupling with computational fluid dynamics codes.

Nomenclature

av = absorption coefficient
Cp = specific heat capacity at constant pressure
D = diameter of the shock tube
e = specific internal energy
H = enthalpy
i = subscript for species
iv = emission coefficient
Keq = equilibrium constant
kb = backward rate coefficient
kf = forward rate coefficient
Lv = spectral intensity
M̂ = molecular weight
m = subscript for molecules
P = pressure
pi = initial pressure
ps = postshock pressure
R̂ = universal gas constant
S = entropy
T = rotational-translation temperature
Tsh = translation temperature just behind the shock wave
Tv = electron-electronic-vibrational temperature
Tv;sh = vibrational temperature just behind the shock wave
u = fluid velocity
v = subscript for vibrational term
vs = shock wave velocity
XCN = CN molar fraction
y = mass fraction
� = stoichiometric coefficient
� = density
� = relaxation time
� = intensity of the radiative flux
�VT = vibration-translation exchange term
�! = rate of production

I. Introduction

A FTER a seven-year interplanetary journey and two orbits
aboard the Cassini orbiter, the Huygens probe was released on

25 December 2004. Three weeks later, it reached the upper layer of
Titan’s atmosphere with a speed of 6 km=s and landed softly after a
parachute descent of 2.28 h with a speed slightly less than 5 m=s [1].
Scientific objectives for the Cassini–Huygens mission were
numerous [2,3], for example, to determine atmospheric composition,
investigate energy sources for atmospheric chemistry, determine
properties of the surface, and deduce internal structure.

One of the main technical phases of this mission was the Huygens
entry into Titan atmosphere. During the descent, the heat shield was
expected to receive a strong radiative flux produced in the bow shock
layer. Previous studies [4,5] predicted that the emission is mainly
caused by the violet system of CN (B2�� ! X2��) with lower
contributions from the CN red (A2�! X2�) and C2 Swan
(d3�! a3�) systems. Indeed, because of the quite low energy and
the short lifetime of its first excited states and because of its relevant
production, the CN radical is known to be a strong radiator, even for
other atmospheric entries such asMars or Venus, and amajor species
due to the fast dissociation of CH4 behind the shock wave. At
hypersonic flight speeds, because of the high enthalpy flow, the
shock layer around the vehicle is the seat of internal mode relaxation,
dissociation, and ionization leading to the nonequilibrium state of the
gas. Considerable effort has been expended over the last 25 years to
compute this phenomenon numerically during Titan entry,
beginning with Park who questioned the equilibrium assumption
[4] and proposed as an answer a two-temperature (2-T) modeling [6]
for the kinetic calculation. Up to now his theory has been widely
reused by other authors [7–9] and has also served as a basis to
develop more detailed models such as 3-T calculations [5,10] or
collisional radiative models [11,12]. A model which takes into
account the collisional excitation of molecules, especially CN, is of
interest to predict thermochemical mechanisms precisely. But
because of its low calculation time cost the 2-T model is preferable to
perform calculations efficiently coupled with flowfield [13] or three-
dimensional radiative transfer [14].

Few kinetic models have been developed for CH4–N2–Ar
chemistry. Two of them are mainly used for 2-T physical theory: the
Nelson model [9] and the Gökçen model [7]. Nelson originally
proposed a 22-reaction kinetic scheme but Gökçen pointed out that it
was incomplete. He proposed a new chemical kinetic model for a
Titan-like mixture (a detailed one with 74 reactions and a simplified
onewith 35 reactions) andmade a comparisonwith a sample case [7].
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The purpose of the present study is to investigate the chemical
kinetic model of Gökçen [7] for a 2-T calculation. A thermochemical
code is developed based on Park’s 2-T theory [6] and the
corresponding results are compared with Gökçen’s model in order to
highlight the influence of the physical model. In particular, there are
still many unknown thermodynamic parameters for high-temper-
ature real gases. A radiative code following the thermochemical
calculation is necessary to compare numerical and experimental
results. A line-by-line algorithm has been developed including most
of the systems present in the planetary atmosphere. A careful study is
performed on the different parameters influencing the radiative flux,
the gas composition, the pressure, and the shock velocity.
Consequences on the emission are deduced from the thermochemical
data evolution. We also develop a basic comparison between the
Nelson and the Gökçen kinetic schemes and justify the choice of
Gökçen’smodel. Accuracy and validity of such calculations are to be
verified, so it becomes desirable to make comparisons with
experiments. Test results used are mainly those obtained on the
TCM2 shock tube in Marseilles and were the subject of a previous
paper [15]. Furthermore, experimental results proposed byBose et al.
[11] were also compared to our simulations. Finally, through these
two sets of experimental results, the 2-T model is compared
with improved calculations developed by Bose et al. [11] and Hyun
et al. [16].

II. Numerical Modeling

The numerical analysis developed in this work deals with the
simulation of the thermochemical and radiative evolution of the gas
behind a normal shock wave. The objective of the modeling is to
propose an approximate computational approach that could be
implemented in CFD flowfield codes for aerothermal analysis. For
this reason, two independent codes are developed: a chemical kinetic
code for the evolution of one-dimensional thermodynamic properties
and a radiative code to estimate the corresponding heat flux
parameters.

On the one hand, this two-step numerical method presents the
advantage of being simplewith a low time cost, but on the other hand,
it does not take into account the coupling between chemistry and
radiation.

A. Thermochemical Model

Input data for the code, such as pressure, temperature, andmixture
composition, are set using test cases or experimental conditions close
to Titan entry parameters [17]. The calculation is initialized
assuming that the thermochemical state of the gas is frozen through
the shock, whereas thermodynamic properties (P, T, �, and u) are
obtained with the perfect gas shock jump conditions (Rankine–
Hugoniot equations). From these new values of pressure,
temperature, density, and velocity of the mixture just behind the
shock, the downstream flowfield is then computed by solving one-
dimensional Euler equations temporally.

The kinetic code developed in the frame of this work is based on a
2-T theory developed by Park [6]. This model implies three
assumptions: 1) It is generally admitted, whatever the
thermochemical model used, the rotational and the translational
temperatures of the heavy particles are equal, and this variable is
noted as T. This statement is based on the knowledge that energy
exchange between the translational and rotational modes is very
rapid [10] because collisions are very efficient for high pressures.
2) Calculations on other gases [12,18] show that the vibrational
temperature evolutions of the different molecular species are very
close to each other. So the coupling among the vibrational modes of
the molecules can be considered strong and only one vibrational
temperature Tv is defined. 3) Finally, the electron temperature could
be easily considered strongly coupled with the vibrational
temperature of molecules, because inelastic collisions between
electrons and molecules are mainly responsible for vibrational
excitation [8]. Furthermore, electronic excitation of particles
equilibrates quickly with the electronic ground state through

collisions with electrons [10]. So the 2-T model defines an electron–
electronic–vibrational temperature [19] (Tv). These three statements
imply the assumption of Boltzmann distribution for each internal
mode. But the high enthalpy flow behind the shock wave leads the
electronic mode to be out of Boltzmann equilibrium.

The 21 species included in the chemical model are C2, C, N2, N,
CH, H, CN, CH4, CH3, CH2, CH, H2, CN

�, N�, N�2 , C
�, H�, Ar,

Ar�, e�, and HCN.
The physical model is based on the works of Gnoffo et al. [20] and

Park [21]. The gas is considered as an ideal mixture of perfect gases.
The specific energy of each species ei takes into account the
contribution of the different internal modes and the energy of
formation. Rotational and vibrational energy modes are assumed to
be in a Boltzmann equilibrium, respectively, using the rigid rotor and
harmonic oscillator models.

The vibrational relaxation model involves vibration–translation
exchange, which is modeled using a Landau–Teller relaxation
formula. The correction terms are given by Park [22] to take into
account the limiting value of the cross section and the diffusive
nature of vibrational relaxation as a result of the high temperature.
The relaxation time follows the Millikan–White formula [23]
including the first Park correction [19]. Because of the lack of data,
polyatomic molecules are taken into account as diatomic molecules.

The forward kf and backward kb rate coefficients for each reaction
are expressed following an Arrhenius formulation. Backward rate
coefficients are determined using the equilibrium constant according
to the microreversibility principle kb�T� � kf�T�=Keq�T�. Reaction
rate temperatures depend on the nature of the associated process [12].
In particular, the governing temperature for all dissociation reactions
is assumed to be

���������

TTv
p

[21] to take into account the preferential
removal of highly vibrational states in dissociation [24].

We have calculated the equilibrium constants using theminimized
Gibbs free energy approach [25]. The values of the thermodynamic
data (Cp, H, S) for the species have to be known for a wide range of
temperatures [0–50,000] K. NASA’s CEA (Chemical Equilibrium
with Applications) [26] computer program provides this information
for the 21 species named previously, but for polyatomic molecules,
the CEA-NASA data are available only up to 6000 K. Capitelli et al.
[27] calculate the thermodynamic properties of high-temperature
Mars-atmosphere species from 50 to 50,000K, but the hydrogenated
species are not included. Because these available data sets are
incomplete, we have calculated the thermodynamic properties of
Titan atmospheric species for temperatures up to 50,000 K, using
classical methods [28]. The resulting temperature variations of the
thermodynamic data are compared to those of CEA-NASA and
Capitelli et al. (Fig. 1). Formost species, agreement is correct for low
temperatures whereas the discrepancies reach a factor of 2 for high
temperatures. Actually when trying different sets of values for
thermodynamic data, we observed that thermochemical results are
very sensitive to the method of high-temperature data estimation.
The lack of information at high temperatures is a real problem in
estimating the thermodynamic data because relaxation of the gas is
strongly dependent on the state of high enthalpy just behind the
shock.

As stated previously, the physical model is based on a 2-T
approach. The chemical kinetic scheme chosen to perform our
simulations is the Gökçen reduced kinetic scheme [7]. However, this
model was conceived using a single-temperature calculation. The
comparison between our calculations and the Gökçen results [7]
highlights the influence of the physical model. Indeed, for the same
initial conditions and kinetic scheme, we can observe some
discrepancies between the time evolution of mole fractions,
particularly for N, CN, H2, CH2, CH3, and CH4. The relaxation of
molecules, in particular polyatomic ones, is slower for the 2-T model
because the dissociation is mainly controlled by the average
temperature

���������

TTV
p

which is lower than the equilibrium temperature
used in the 1-T model. The equilibrium value of mole fractions
presents significant differences; for example, the CN mole fraction
estimated by the 2-T calculation is 150% higher than the 1-T
prediction. Furthermore, charged species computations present a 3-
order-of-magnitude divergence because the two-temperature model
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underestimates the temperature of the electrons in comparison with
the Gökçen single-temperature model. And so associative ionization
reactions, which are the main ionizing processes behind a strong
shock wave, are less significant and thus the computed ionization
level is lower.

B. Radiative Model

The radiative code PASTIS is used both to extract and process
spectra and time profiles from experimental charge-coupled device
(CCD) images [15] and to estimate the radiation corresponding to the
chemical kinetic calculation. The code is based on a line-by-line
radiation calculation assuming Boltzmann distributions for the
internal modes. A temperature may be defined for each energy
storagemode for eachmolecule; however, in the radiative code, only
one rotational temperature, one vibrational temperature, one
electronic excitation temperature, and the kinetic temperature of
heavy particles are defined. Obviously in this study, radiative
calculations are performed using two temperatures to be consistent
with the thermochemical model.

As shown in previous studies [9], the experimental results [15]
attest that the CN violet (B-X) system is the most radiative system in
the near [UV-IR]; therefore, the description of its mechanisms has
been deeply investigated. It is also necessary to know the spectral
distribution of the two other experimentally observed systems: the
CN red (A-X) system and the C2 Swan (d-a) bands, and also other
systems such as the CH (A-X), (B-X), and the (C-X) systems, on the
one hand, and the CN LeBlanc (B-A) system, on the other hand. The
code is also capable of calculating the radiation from atoms andmost
of the diatomic molecule systems present in planetary atmospheres
but not the vacuum UV emission of the CN systems. The radiative
code PASTIS has been validated thanks to spectra obtained in flames
and plasma jets [29].

Our code has been developed to calculate spectra from 100 to
1200 nmwith a good level of accuracy.No hypothesis has beenmade
about the energy level of CN and C2. Vibronic term values and
rotational constants obtained from experiments, when they were
available, have been preferred to Dunham expansion. When
experimental data were not available, constants have been
extrapolated.

Considering the pressures behind the shock wave (from 2:104 to
3:105 Pa), self-absorption has to be considered in the calculations.
Bose et al. modeling [11] demonstrates the importance of nonlocal
absorption. To simulate the radiative flux recorded by a
spectrometer, the radiative transfer equation may be solved along
the line of sight. Moreover, in our first approximation we neglected
the boundary layer thickness, and we considered that the radiative
medium was homogeneous. In this case, the radiative transfer
equation is solved analytically:

Lv �
iv
av
�1 � e�avD�

The codemodels pressure andDoppler broadenings in aVoigt line
shape. The numerical spectral resolution has to be high enough to
correctly describe the line shape. Calculations at different numerical
resolutions have shown that in the near-ultraviolet and visible ranges,
a resolution equal to 1000 points=nm is sufficient.

The radiative code PASTIS uses the results of chemical kinetics
codes as input (time evolution of temperatures and densities) but the
calculated radiative heatflux is not used in the chemical kinetics code
as a power loss in this study.

III. Sensitivity Study

This part of our study is based on a set of experiments carried out in
the TCM2 shock tube facility made according to the Stalker
principle. The specified description of the installation and the
associated measurement techniques are developed in [15]. The
diagnostic apparatus, a monochromator and a streak system, is based
on time-resolved emission spectroscopy, and so the information
extracted from the experiments is of two kinds: temporal and
spectral. The experimental data are calibrated and the comparisons
are done in absolute units (W=m2 sr).

A. Experimental Campaign

The different tests carried out may be classified into three groups
corresponding to the three values of initial pressure for a relatively
constant velocity. They are presented in Table 1 with initial pressure
(measured), postshock pressure (calculated), and shock velocity
(measured). The values presented are averages for the whole set of
tests done.

For both lower pressure conditions, experiments have been carried
out for four different mixtures with variable proportions of nitrogen,
methane, and argon. They are presented in Table 2. The composition
will be noted (%CH4=%Ar=%N2) as follows.

This experimental campaign begins to answer some questions
concerning the nature of the parameters influencing the radiative
flux. Considering the absolute value of the flux density and the shape

Fig. 1 Calculated molar specific heat in relation to temperature for CN and CH4.

Table 1 The three test conditions. Postshock pressures are
obtained thanks to the classical Rankine–Hugoniot equation

applied to the shock front

pi, Pa ps, Pa vs, km=s

1100 30 � 104 5.3
200 8 � 104 5.5
45 2 � 104 5.5
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of the profile, it was not possible to conclude a significant influence of
the gas composition on CN emission. Two main pressure effects on
the evolution of the emission behind the shock front are observed: the
total radiative flux density increases with the pressure of the test gas
in the shock tube and the lower the initial pressure, the higher the
nonequilibrium radiation. These results are based on the assumption
that the approximate reproducibility of the experimental conditions
(pi and vs) from one run to another has no influence.

The numerical study proposed in this work is derived from these
experimental results. The objectives are to compare numerical
predictions with experimental observations and also to confirm the
lack of influence from differences in experimental conditions
between two runs. For these reasons, the computations are composed
of two kinds of simulation. Thefirst one studies the influence of slight
fluctuations in different parameters such as gas composition, shock
velocity, and initial pressure; the second one investigates the
consequences of large variations of those parameters. Initial
conditions used for the calculations are chosen to be close to the
experimental ones and are presented in Table 3.

B. Kinetic Model Discussion

First, it is interesting to test the influence of the chemical kinetic
model on calculations. The improvement introduced by the use of
Gokçen’s more detailed kinetic mechanism compared to Nelson’s
short model has to be confirmed in a 2-T calculation.

Nelson’s kinetic scheme used for Gökçen’s work [7] contains
ionization reactions occurring with electrons (Nelson-e�), whereas
Nelson et al. [9] proposed the same ionization reactions occurring
with a third body (Nelson-M). As electrons are far from being the
main species in a gas behind a strong shock wave (ionization level
� 10�4), this change of colliding partner in ionization reactions has
an influence on the chemistry. Figures 2b and 2c present,
respectively, time evolution of species mole fractions using Nelson-
e� and Nelson-M kinetics. There are significant differences; as
expected, mole fractions of N�, C�, and H� are higher with the
Nelson-M scheme because the number of colliding partners for
ionization reactions is greater, but there is no meaningful influence
on the N, C, andHmole fractions.We also note amodification on the
level and evolution of other species mole fractions such as CH, NH,
H2,CH2, andmolecular ions. This consequencemay be an indication
of preferential reaction processes in the Nelson scheme as follows:

CH �M� C� H�M

CH 2 �M� CH� H�M

NH �M � N� H�M

H 2 �M � H� H�M

H 2 � C� CH� H

For the comparison between theGökçen and theNelson-e� kinetic
schemes (Figs. 2a and 2b), we note as did Gökçen [7] some
significant differences concerning the level of charged species,
hydride species, and also C and N. But contrary to Gökçen’s results,
the CN mole fraction was the same.

However, Gökçen’s model includes important species and
reactions for methane decomposition and CN formation. Moreover,
the reaction rates used are updated from the current literature values;
hence this chemical scheme is chosen in the following work.

C. Influence of Small Variations

The results presented in this part are of great interest for the
comparison between experiments and computations. The objective is
to free the experimental results from the uncertainty of the
experimental conditions. Within the framework of our experimental
campaign on TCM2 [15] we highlighted the approximate
reproducibility between runs. Measurement results depend greatly
on the influence of these experimental fluctuations. The
computations presented in this part will allow us to quantify the
consequences of the experimental uncertainties on the radiative flux.

1. Gas Composition

The simulations using compositions A, B, C, E, G, and H confirm
the experimental observations that there is no significant effect of the
gas composition on both intensity and relaxation of the radiative time
evolution. The modifications of the nitrogen percentage tested are
weak at only about 10% of the nitrogen concentration. The N2

proportion has no major influence on CN emission. The radiative
fluxes corresponding to compositions H, G, and E do not present
significant discrepancies. The difference appears only for the
equilibrium part and is estimated at about 20% between
compositions E and H. Nevertheless, the imposed variations of the
CH4 proportion are not weak because here the percentage of CH4 is
divided by almost a factor of 2.

In summary, for the fixed conditions we do not observe
modifications of the radiative flux by changing theN2 percentage up
to 10% and CH4 percentage up to a factor of 2.

2. Pressure

There is a prefilling uncertainty on the initial pressure in the shock
tube that is independent of the pressure level and equal to 8 Pa. Sowe
decided to input a variation of 20% to PA, PB, and PC to study the
weak fluctuation of the initial pressure on the radiative flux. We
observe that the lower the pressure, the lower the emission. But this
variation is negligible because the flux modifications, whatever the
nonequilibrium or equilibrium regions, is only 5%.

Table 3 Fixed conditions used for numerical investigations on the study of sensitive parameters

Composition of studied mixture in % (pi � 50 �Pa�;vs � 5:5 km=s) Pressure in Pa (3=5=92;vs � 5:5 km=s) Velocity in km=s (3=5=92;pi � 200 Pa)

CH4 Ar N2 pi ps vs
Compo A 3 7 90 PA 50 1:42 � 104 VA 5
Compo B 3 4 93 PB 200 5:7 � 104 VB 5.5
Compo C 3 0 97 PC 1000 28:5 � 104 VC 6
Compo D 1.5 3.5 95
Compo E 3 2 95
Compo F 0.1 4.9 95
Compo G 4 1 95
Compo H 5 0 95

Table 2 Composition of studied mixture in %. For each molecule the
second column gives the results of the analysis made by the gas

manufacturer

CH4 Ar N2

TCM2 classical 3 (2.96) 5 (5.02) 92 (92.02)

Yelle et al. [17] nominal 3 (2.93) 2 (2.15) 95 (94.92)

Yelle et al. [17] minimal 5 (5.06) 0 95 (94.96)

Yelle et al. [17] maximal 1 (1.00) 10 (10.30) 89 (88.70)
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3. Shock Velocity

With respect to the general problem of atmospheric entries, the
velocity of the vehicle and the angle of attack are important
parameters for aerodynamic calculation. Their values can be
modified during the journey to adjust the trajectory. Furthermore,

experimentally, the shock velocity is very sensitive to some technical
parameterswhich are difficult to control, as, for example, the opening
pressure of the membranes. Thus the influence of the velocity is of
interest to predict the consequences of such changes on the radiative
flux.

Fig. 2 Time evolutions of mole fractions behind a shock wave (p1 � 0:1 torr, T1 � 300 K, u1 � 6:3 km=s, 5%CH4 inN2) using a) the Gökçen reduced
scheme, b) the Nelson-e scheme, and c) the Nelson-M scheme.
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We note that increasing the velocity by 20% causes the growth of
the nonequilibrium peak by about 10%, with no significant effect on
the relaxation and the equilibrium flux. And so we can conclude that
the influence is negligible.

Whatever the gas composition, the pressure and the shock
velocity, small variations in these parameter values do not produce
significant modifications on the radiative flux. The variation of the
gas composition, the experimental uncertainty, and the approximate
reproducibility do not have a major consequence on the radiative
flux. Despite experimental variations, comparisons between runs are
relevant.

D. Influence of Large Variations

Obviously, if the modifications of the parameters are greater, the
consequences are most likely to be more significant. But the study of
large variations of the parameters has to be realistic, that is, coherent
for the problems to be linked to Titan entry. For this reason a large
variation in the shock velocity is not expected because the vehicle
velocity during the entry phase is close to 5 or 6 km=s. Furthermore,
the atmospheric composition is quite well known with the N2

proportion uncertainty lower than 10%. On the other hand, CH4

percentage and initial pressure are parameters that can present large
variations. Their influences are studied in this part.

1. CH4 Proportion

Here, the imposed variations of the CH4 proportion are up to a
factor of 10 between compo D and compo F, so the influence on the
radiative flux becomes nonnegligible (Fig. 3a); the decrease of the
CH4 fraction causes the falloff of the radiative flux intensity by about
a factor of 5 in the nonequilibrium region and a factor of 10 in the
equilibrium region. In this case, the increase in the CH4 percent has
no considerable influence on temperatures (rise of 10%) but causes
rise of the CNmole fraction level up to a factor of 20 (Fig. 3b). These
results have been observed whatever the pressure (50 or 200 Pa). The
CH4 proportion in the compo Fmixture is very small. In this extreme
case the amount of formed CN is obviously low and so the radiative
flux is not important.

2. Pressure

Figure 4a illustrates the important role of pressure on the radiative
flux. The rise of the initial pressure causes the increase of the
emission, in nonequilibrium as well as in equilibrium regions, but
also a faster relaxation.

Both the corresponding time evolutions of vibrational temperature
and CN mole fraction are responsible for these changes. Figure 4b
shows that, on the one hand, increasing the initial pressure from 50 to
200 Pa (respectively, 1000 Pa) obviously raises the CN density in the
same ratio but without any influence on theXCN value; furthermore it

Fig. 3 Influence of large variations ofCH4 proportion on a) CN violet�v� 0 time evolution, and b) temperatures Tv (gray lines), T (black lines), and
CN mole fraction.

Fig. 4 Influence of large variations of the initial pressure on a) CN violet�v� 0 time evolution, and b) temperatures Tv (gray lines),T (black lines), and
CN mole fraction.
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brings about the growth of the vibrational temperature of 10% (16%).
Because of these variations, the radiative flux increases by 50%
(75%). On the other hand, the rise in pressure does not modify the
vibrational temperature relaxation but the decay rate of the CNmole
fraction is more rapid.

Experimental investigations showed the difference between
energy radiated by the nonequilibrium and the equilibrium parts.
Numerical estimations confirm the observed results: the lower the
initial pressure, the higher the nonequilibrium emission. Figure 5,
which represents the ratio between the nonequilibrium peak and the
equilibrium plateau levels in relation to the postshock pressure,
illustrates this behavior and shows that calculations agree well with
experiments.

To sum up, the variation of the pressure has a direct consequence
onCNdensity and consequently on theflux intensity. It alsomodifies
the CN mole fraction evolution that changes on relaxation. The
quantitative data are recapitulated in Table 4.

IV. Comparisons with Experiments and Other Models

This section mainly deals with the comparison of experimental
results obtained in Marseilles and presented in [15] with our
numerical calculations based on a 2-T model and Boltzmann
radiation. The simulation of other experimental conditions
completes the comparisons, namely, the Titan conditions of Bose
et al. [11]. They performed their experiment in an electric arc-driven
shock tube facility using monochromators coupled with photo-
multiplier tubes and spectrographs coupled with intensified CCD
cameras.

For theMarseille experiments,we focus on two test conditions that
were already simulated by SHOCK2 [30], a program based on the
SHOCK code (CHEMKIN) [31] but modified into a 2-T model, and
PARADE, a line-by-line radiative code [32]. The obtained results,
representedwith dashed curves in Fig. 6, will be discussed in the next
section. TheTCM2 conditions and those of Bose et al. [11] simulated
in this work are reported in Table 5.

A. CN Violet System

Figure 6 represents the comparison between experimental results
(black solid curves) and the numerical calculations of this work (gray
solid curves) using Gökçen’s kinetic scheme. The kinetic code is

coupled with the radiative code PASTIS to obtain radiative results to
make the comparison with experiments. Plots on the left column
correspond to test case 1 (TC1) conditions, and the right column is for
test case 2 (TC2). Figures 6a and 6b show the intensity profiles of the
CN violet system (�v� 0); spectra in Figs. 6c and 6d are extracted
from 1 �s corresponding to the maximum of the time profiles; and
spectra in Figs. 6e and 6f come from the attained equilibrium state.

Discrepancies are present between experiments and modeling.
The numerical calculation overpredicts the radiative flux emitted
behind the shock wave. The difference increases with the pressure:
for high pressure, the emission during the first 35 �s is estimated
numerically to be equal to 6 J=m2=sr instead of 4 J=m2=sr
experimentally; and for low pressure the calculation gives about
3 J=m2=sr and the experiment 1 J=m2=sr during the first 20 �s. The
simulation provides a good order of magnitude for the peak intensity
and the level of equilibrium region agrees, but the relaxation is
slower. The comparison of spectra also confirms these results; that is
to say the computation of the nonequilibrium level is lightly higher
and the intensity of the equilibrium zone matches.

The simulations of Bose et al. [11] conditions strengthen the two
previous negative points. The calculations overestimate the radiative
flux measured by the authors. But in this case, the main cause is the
discrepancy with the equilibrium level that is not observed in the
TCM2 study. The simulations largely overestimate the observed
equilibrium intensity: for their three initial conditions the differences
are bounded by 10 to 40. The flux of the peak is also slightly higher
than experiment; for Figs. 6a–6c it is, respectively, calculated about
3, 2, and 2 times higher than measurements. Furthermore, the decay
rate is numerically predicted as much slower.

The discrepancies between these radiative results could be
explained by the differences in kinetic computations, particularly on
the time evolution of CN mole fraction and temperatures. But
unfortunately, neither CN mole fraction nor temperatures could be
measured experimentally in the TCM2 shock tube campaign.

B. Contribution of Main Radiative Systems

The radiative code PASTIS makes it possible to draw systems of
various species from 100 to 1200 nm, in particular, CN and C2

systems which are those observed experimentally. The coupling of
our kinetic model and the PASTIS calculation for TC2 conditions
provides the radiative flux evolution of CN red �v��3 and C2

Swan �v� 0. Figure 7 presents the comparison of the
corresponding results with the experiments. For both systems the
calculations overestimate the nonequilibrium radiativeflux.C2 Swan
and CN red peaks are, respectively, predicted 3 and 40 times higher
than experiments. As for CN violet, the CN red relaxation is
calculated slower, whereas that of C2 Swan is faster than
experiments. The estimation of CN violet�v� 0 is correct, but the
high discrepancy occurring for the CN red �v��3 prediction
invalidates the Boltzmann hypothesis.

Furthermore, with the PASTIS code the contribution of the whole
CN violet,C2 Swan, and CN red systems on the global radiative flux

Fig. 5 Relative extent of nonequilibrium and equilibrium fluxes with
regard to the postshock pressure.

Table 4 Computed fluctuations of data in relation to the variations of the initial pressure

P1 ! P2, Pa (Noneq./eq.) ratio
�Inoneq=Ieq�2=�Inoneq=Ieq�1

CN mole fraction
ratio �X2=X1�CN

T2�T1
T1

�2��1

�1

50! 200 0.93 1 10% 50%
50! 1000 0.44 1 16% 75%

Table 5 Experimental conditions

pi, Pa vs, km=s CH4–Ar–N2, %

Test case 1 (TC1) 211 5.62 95–2–3
Test case 2 (TC2) 50 5.50 95–2–3

Bose et al. case a) [11] 13.33 5.15 2–0–98
Bose et al. case b) [11] 13.33 5.56 5–0–95
Bose et al. case c) [11] 13.33 5.56 8.6–0–91.4
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can be calculated.We experimentally estimated, for TC2 conditions,
that the total energy density emitted during the first 20 �s is very
close to 200 kJ=m2=sr with 93% of CN violet, 4% of C2 Swan, and
3% of CN red. Once again, Fig. 8 shows that the CN violet system is

by far the main radiator in this range of wavelengths. In addition,
band intensities of the CN red andC2 Swan systems seem to be about
100 times lower. The CH A-X system does not appear contrary to
what Hyun et al. [16] predicted for quite the same conditions.

Fig. 6 Comparisons between modeling and experimental time profiles a), b); spectra at the maximum intensity c), d); and equilibrium spectra e), f) of
CN violet (�v� 0) for two conditions: test case 1 a), c), and e) and test case 2 b), d), and f).
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Quantitative results are summarized in Table 6 in terms of the flux
ratio between systems.

Considering that these three systems are the only significant ones
between 300 and 1200 nm, the total radiative flux calculated is
composed of about 74% of CN violet, 25% of CN red, and 1% of C2

Swan, which is very different from the experimental results
(respectively, 93, 3, and 4%).

It is also interesting to compare both the �v� 0 and �v��1
manifolds of the CN violet system. Experimental results [11,15]
show that the intensity ratio �v� 0=�v��1 of CN violet lies
between 4 and 10, depending on the mixture and the pressure.
Numerical simulations predict a lower rate equal to 2 atP� 200 Pa,
3.7 at P� 50 Pa, and 5 at P� 40 Pa. The ratio rises when the
pressure decreases without following a linear law. The pressure drop
goes togetherwith the increase in vibrational temperature causing the
high vibrational levels to overpopulate because of the Boltzmann
hypothesis. So the self-absorption phenomenon becomes more
significant for these high levels, reducing the intensity of manifolds
�v��1 in relation to �v� 0. The discrepancies between
experiments and calculations come from an underestimation of self-
absorption intensity because of an incorrect description of
vibrational population distribution.

All these considerations on the discrepancy of the CN systems and
manifolds ratio invalidate the hypothesis of the Boltzmann
distribution on electronic and vibrational levels.

V. Comparisons with Other Models

A. TCM2 Experimental Conditions

On top of the comparison between experimental results (solid
black curves) and our simulation with the Gökçen kinetic scheme
(solid gray curves), Fig. 6 also represents the SHOCK2 calculation
using the Nelson kinetic scheme (dashed curves). Both kinetic codes
were coupled with PASTIS to make the comparison with
experiments.

1. Radiative Results

Discrepancies are present between both calculations. They
estimate a close global flux on 100 �s (about 10 J=m2=sr for TC1
and 7 J=m2=sr for TC2) but the evolution of the emission does not
correspond. The SHOCK2 calculation overestimates the intensity of
the peak (nonequilibrium zone) but proposes a good simulation of
the relaxation process; whereas our calculation provides a good order
of magnitude for the peak intensity but the relaxation is slower. In
both cases the intensity level of the equilibrium region agrees. The
comparison of spectra confirms the previous results; that is to say, the
nonequilibrium region is roughly simulated by SHOCK2 contrary to
our calculations, and intensities of the equilibrium zone are in
agreement.

2. Kinetic Results

To explain these discrepancies, the two thermochemical
calculations are compared. Figure 9 represents the temperature
evolution calculated by SHOCK2 and our model for TC1. We note
that in the nonequilibrium zone, where SHOCK2 overestimates the
flux, �Tv�shock2 is higher than �Tv�this work and both XCN levels are
close. The temperature relaxation process is faster for both
calculations than experiment. But the �XCN�this work relaxation is
slower than the SHOCK2 estimation as we observed that the decay
rate for emissions was quite well simulated by SHOCK2 and slowly
by this work. Finally, in the equilibrium part, where both simulations
match, we note that temperatures from SHOCK2 are slightly lower
than our calculation, but XCN is greater. So the equilibrium

Fig. 7 Time evolution of the radiative flux in 3=2=95 mixture for C2 Swan �v� 0 (pi � 50 Pa, vs � 5:45 km=s) and CN red �v��3 (pi � 60 Pa,
vs � 5:58 km=s).

Fig. 8 Global spectra corresponding to TC2 conditions during the
nonequilibrium peak.

Table 6 Experimental and numerical contributions of main radiative
systems

Experiments results [15] Numerical predictions

CN violet/C2 Swan 13 100
CN violet/CN red 35 3
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calculation is correct, whereas numerical predictions fail for either
nonequilibrium intensity or relaxation estimations.

As we observed for pressure influence results, the intensity of the
radiative flux seems to be controlled mainly by the temperature,
whereas the relaxation process is linked to the mole fraction
evolution.

The experiments carried out on TCM2 with TC2 conditions were
also simulated by Hyun et al. [16] for CN violet�v� 0 and CN red
�v��3 emission. Using a 2-T model and the Boltzmann
hypothesis they also overestimate the radiative flux by a factor of 10
for CN red emission and a factor of 5 for CN violet. Furthermore, the
relaxation is calculated more slowly. Hyun et al. carry out another
calculation using non-Boltzmann excitation with the radiation loss
6 times larger than that caused by CN violet and red systems. These
results show agreement on the intensity and relaxation of CN violet,
and on the decay rate of CN red, but do not improve the CN red
intensity estimation.

B. Bose et al. Conditions

To confirm these results, we performed a new numerical
comparison between our calculations, and those of Bose et al. [11]
and those of Hyun et al. [16] using the experimental conditions of the
NASA Ames Research Center [cases a), b), and c)]. Whatever the
group, the use of a Boltzmann distribution on CN excited states leads
to an overestimation of the radiative flux and to estimate a slower rate
of decay.We note that the predictions of the two other modelings are
very close to each other, whereas our estimations are slightly lower.

Bose et al. [11] improves the simulations using a collisional
radiative approach. The emission is then underestimated but there is
no real influence on relaxation.

The SPRADIAN07 code of Hyun et al. [16] successfully
reproduces the experimental data on CN radiation still making the
hypothesis of a non-Boltzmann excitation, and the radiative power
loss is multiplied by a factor of 6.

VI. Conclusions

With regard to probe entries into the Titan atmosphere, two
numerical codes are developed to simulate radiative processes
occurring in shock tube experiments: a one-dimensional
thermochemical calculation based on a two-temperature model and
a line-by-line radiation code. The use of a simple physical model
presents two interests: the investigation of the Gökçen chemical
kinetic model on a 2-T model and the enhancement of previous
works applying different theories.We observe that using a2-Tmodel
decreases the computed ionization levels, as Gökçen predicted. We
also have a slight influence on neutral species mole fractions,
especially on hydride species. But one of the trickiest points

concerning the physical calculation seems to be the uncertainty of
thermodynamic parameters at high temperature. We want to
emphasize this point which is usually not taken into account. We
have to put into perspective the work on an accurate determination of
kinetic reaction rates, whereas the results depend on the accuracy of
thermodynamic data.

Obviously it is also of great interest to study the influence of the
chemical kinetic model on calculations. The improvement
introduced by the use of Gökçen’s more detailed kinetic model in
relation to Nelson’s short model is confirmed, particularly on
methane decomposition which plays an important role in CN
formation.

The analysis of some key-parameter sensitivity highlights their
relative influence on radiative flux. The low variations in gas
composition, initial pressure, and shock velocity has no influence on
the radiative heat flux. These results make the comparison between
experiments relevant in spite of the experimental uncertainty and the
rough reproducibility. On the other hand, wide variations are
significant forCH4 and the initial pressure. The negligible proportion
of CH4 in the mixture is responsible for the small amount of formed
CN and thus for the weak emission of its violet system. In agreement
with experiments, we note that the rise of the initial pressure causes
the increase of this emission, because of the growth of CN density, a
faster relaxation due to the faster return to equilibriumof theCNmole
fraction, and the reduction in the emission of the nonequilibrium
region in relation to the equilibrium one.

The comparisons of experimental results from TCM2 runs and
Bose et al. [11] using different numerical simulations confirm that
results are sensitive to both chemical and physical implemented
models. Most of the results presented in this paper lead us to think
that, for the 2-Tmodel, the intensity of the radiative flux is controlled
mainly by the temperature, whereas the relaxation process is linked
to the mole fraction evolution. The Boltzmann distribution
assumption for the CN excited states leads systematically to the
overprediction of the intensity. This hypothesis does not lend itself to
a precise description of the thermochemical evolution of the gas
behind a strong shock wave. Furthermore, the discrepancies in the
contributions of main radiative systems all invalidate the Boltzmann
equilibrium hypothesis and so constitute arguments in favor of a
collisional radiative model. Lastly, the results of Hyun et al. [16]
speak in favor of the insertion of radiative processes into the
thermochemical code to take into account the radiative power loss.
The development of detailed calculations is of great interest to
describe the physical and chemical processes. But, currently, the time
cost of these calculations remains too high and they do not provide
significant improvement of radiative flux estimation in relation to
2-T calculations. For these reasons it is not relevant to couple this
kind of algorithm with computational fluid dynamics codes.

Fig. 9 Comparisons between SHOCK2 (dashed lines) and this work (solid lines) modeling for TC1: a) T and Tv; b) XCN.
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