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I. INTRODUCTION

In 1997, the Cassini-Huygens spacecraft was
launched from Earth for an interplanetary voyage
to Saturn. Arriving in 2004, the Huygens probe
detached from the spacecraft and successfully en-
tered the atmosphere of Titan, composed of 98%
N, and 2% CH, mixture. It was the first time
a spacecraft landed on an outer Solar System ob-
ject. Before this, several studies were carried out
in order to study the entry point of the space-
craft at 5.15 km/s. It was feared that the high
radiation from the CN molecule, previously un-
accounted for, would lead to excessive heating of
the spacecraft during descent. At this time, mod-
els were developed and created around the 5.15
km/s entry point. The result was Gokgen’s kinetic
scheme [5] which was implemented in the aerother-
mal database of the Huygens spacecraft.

Figure 1: Real color photo of Titan. Credit: NASA.

It was later verified by Lino da Silva et al.
that not all the rates in the kinetic scheme de-
veloped by Gokgen were physically consistent for
high temperatures [9]. A new physically consistent
kinetic scheme was then proposed by the same au-
thors. Since there is still interest in future mis-
sions to Titan, experiments in shock tube facilities
of N,—CH, mixtures have been carried out as re-
cently as in 2009 [7]. It is then our objective to put
this new kinetic model to the test by comparing it
with the older model, and to apply these to the
modeling of the most recent experimental results
available. However before doing this, some changes
had to be made to our in-house thermodynamical
and kinetic models. The objectives of this work
are then twofold:

e To improve and assess the influence of
changes introduced into the thermodynam-

ical and kinetic models of IST’s aerothermo-
dynamics code SPARK,

e To compare the modified Gékgen and Lino
da Silva kinetic models and to apply the re-
sults to the simulation of post-shock radia-
tion in a shock tube.

The modifications we are introducing to both ki-
netic schemes are of a state-specific nature in order
to produce meaningful comparisons between mod-
els and the experimental results. Our main tool
to achieve this objective is the SPARK code, the
in-house code of aerothermodynamics of IST. Also
used extensively is the Gas and Plasma Radiation
database (GASPAR) mantained by IPFN-GEDG.

II. THEORY AND MODELS
A. Hydrodynamics

A temporal relaxation sub-system is extracted
from the full set of conservative equations by ne-
glecting the spatial derivatives, transport terms
and setting the gas velocity to zero [2]:

w;

0 |c _1
Ty (Q—zaiwi)/cg

i |7 (1)
Such a zero-dimensional system allows the study
of thermo-chemical relaxation processes occurring
in a gas which is suddenly heated to a given tem-
perature keeping the pressure constant. Note that
this situation is similar to a entry flow in which the
upstream gas is suddenly heated to very high tem-
peratures as it crosses the shock wave. As a result,
this temporal system represents a very powerful,
yet simple, set of equations to study the relaxation
processes occurring in complex atmospheric entry
flows.

B. Kinetics

The mass source term reads:
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where v/, and v, are the reactant and product
stoichiometric coefficients, Av;, = vl — vl and



x; = pi/M; is the molar concentration of species
1. The rate constants k¢, and ky, , are associated
to the forward and backward processes of the r
reaction and are a function of temperature only.
The forward reaction rate k¢, is computed through
known models associated in a database to each re-
action, while the backward rate ky,, is computed
through the equilibrium constant Keq(T):

kn(T) = ke(T)/ Keq(T), (3)

which ensures physical consistency between the
forward and the backward rates. The equilibrium
constant is computed through the partition func-
tions of the species in a reaction,

N
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where the total partition is the product of the
translational and the internal partition functions.

C. Thermodynamics

When studying microscopic phenomena, such
as radiation and relaxation processes, it is impor-
tant to account for the internal states of species.
In equilibrium, a species follows a Boltzmann dis-
tribution of it’s internal levels. As a consequence
only one mass conservation equation is necessary
to describe a chemical species. In non-equilibrium
conditions, no distribution can be assumed a pri-
ori. The occupation levels of each species must
then be individually tracked to distinguish between
the species states. This is carried out in a so-
called state-to-state kinetic approach with a dif-
ferent mass conservation equation for each internal
level.

If the electronic levels are allowed to depart
from a Boltzmann distribution function then a new
mass conservation equation associated to each elec-
tronic level is added to the system. The kinetic
and radiative processes are now related to the elec-
tronic levels and not the chemical species. Notice
that the vibrational levels of each molecule are still
following the Boltzmann distribution at a given
temperature. Relaxing this assumption, each vi-
bronic state needs to be individually described by
a mass conservation equation. The collisional and
radiative processes now involve the vibrational lev-
els. The rotational levels of a molecule are still
following a Boltzmann distribution. The next step
would be to relax this assumption and create a
kinetic scheme which allows for rotational interac-
tions. This is outside the scope of this work.

The nomenclature utilized throughout this
work is as follows: a Boltzmann simulation ac-
counts only for the flow chemical species follow-
ing a Boltzmann distribution, an electronic state
specific (ESS) accounts for some molecular species

electronic levels and a vibrational state specific
simulation (VSS) accounts for the vibronic states
of some chemical species (specifically, only N,
which accounts for most of the gas composition).

1. Partition function

The internal partition function of a species has
contributions from its three different modes: ro-
tation, vibration and electronic. Generically, the
partition function of a mode is computed through

Q=30 =Y geexp(-fe),  (5)

where 8 = 1/kT, s is the number of energy levels
in the mode, g, the degeneracy of each level and
€s the energy of level s. The exact computation
of this partition function may be carried out us-
ing an extensive database detailing the degeneracy
and energy of the levels of each mode. If possible
or necessary, the partition function calculation can
be replaced with an approximated model, as some-
times it is expensive to compute it analytically. At
other times there is no a priori knowledge on the
overall energy levels of the modes.

Then, for a Boltzmann species the internal par-
tition function is given by
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For an ESS species, the total partition function is
the sum of the individual partition functions of a
species in one particular energy level €',
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A VSS species must have it’s electronic and vibra-
tional energy levels specified, ¢’ and v’. The total
partition function is accordingly given by:

i = @it i X Quibi X Qelei- (8)

D. Radiation

The energy sink term in system (1) exists only
because of radiation. For the typical times of a
shock tube experiment, no other heat transfer pro-
cess can occur that accounts any significant energy
exchange. As such, assuming an optically thin gas,
the radiated intensity is computed through [8]

Irad = ZNZ X Aij X AEij, (9)
4,J
where NV; is the number density, A;; is the Einstein
coefficient of the transition and AFE;; the energy
difference between the higher and lower energy lev-
els.



III. IMPROVEMENTS TO THE
THEORETICAL MODELS

For the sake of brevity, this extended ab-
stract contains little information on the method-
ology for the obtainment of these results. In-
stead, we briefly motivate and summarize each ad-
dition/modification of the model and describe it’s
impact on the system. For more information, con-
sult the full text.

A. Nitrogen dissociation by electron impact

The chemical reaction
N,+e” == 2N+e™, (10)

was missing from Lino da Silva kinetic model. Due
to the large concentrations of N, in the flow, we
should not neglect reactions that can directly im-
pact the population of this species. It was found
that this reaction held no impact on the final con-
centrations of the species involved. It was still in-
cluded in Lino da Silva’s kinetic model for the sake
of completeness.

B. Harmonic Oscillator model for electronic
excited species

The Harmonic Oscillator model is an approxi-
mation for the calculation of the vibrational par-
tition function of an ESS or Boltzmann species.
Notice that this approximation is not suitable for
a VSS species, since it does not separate the con-
tributions of individual vibrational levels to the
species vibrational partition function. Assuming
the energy of the vibrational levels are given by
an Harmonic Oscillator, the vibrational partition
function is given by [1]:
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. This allows for a simpler way of computing the
vibrational partition function in contrast with the
more complex calculation using the vibrational lev-
els of a species, which might not be available in
SPARK’s database. This model was implemented
in SPARK’s code and a small sensitivity test was
conducted in order to determine the impact on
the final results. It was found that this change
of model doesn’t cause much deviation from the
calculation using the vibrational levels when these
are available. The species which deviated the most
is N, since the database for the vibrational levels
of this species is the most complete in SPARK.

C. Spontaneous emission processes

The standard approach to modeling sponta-
neous emission of a species was to compute the
lifetime and it’s inverse or to assume that the prob-
ability of transition was given by the first Ein-
stein coefficient Agg [6]. Both these approaches ne-
glect higher vibrational levels transitions. A tem-
perature dependent pseudo-rate was computed for
spontaneous emission based on the assumption of
a Boltzmann distribution on the vibrational levels
and the full Einstein coefficients A;;.

Simulations using both approaches revealed
that the standard approach to spontaneous emis-
sion overestimated the temperature decrease of the
flow by a small amount. The impact of this change
is negligible on the global properties of the gas
but severely affects the populations of excited elec-
tronic levels.

D. Vibrational redistribution of reaction
rates

Usually, chemical reaction rates are known
globally, i.e., the internal levels of the intervening
species follow a Boltzmann distribution. Vibra-
tional state-specific kinetics provides the most ac-
curate description of the kinetic processes in a non-
equilibrium gas without any assumption on the dis-
tribution of the species internal levels. The down-
side is that usually, the vibrational state-specific
rates are not known. We propose a simple model
for expanding global rates to vibrational state-
specific rates using the energy gap between prod-
ucts and reactants of a reaction.

This model is not physically consistent, but it
is simple and works in a first approximation. We
intend to implement a better model in the future
based on the work of J. Annaloro [10]. It was
found that the global results (temperature, mole
fractions) do not change much with the addition
of this model to the kinetics but the electronic
excited states differ remarkably, shifting the pop-
ulation peak and the magnitude of these excited
states. This will have a huge impact on the radia-
tive peak of the flow.

IV. SHOCK TUBE SIMULATIONS

In this section, we present a more detailed sum-
mary of this thesis as these are the main results of
this work. These results are the direct comparison
between Gokgen’s and Lino da Silva’s kinetic mod-
els as well as the experimental results from Bran-
dis PhD thesis [7]. These simulations are done
with upstream conditions of T = 300 K, p = 13
Pa, gas mass composition of 98% N, and 2% CH,,
the same conditions as in A. Brandis experiments.



Three shock speeds, 5.15, 7 and 9 km/s were simu-
lated but we only present the results from from the
9 km/s shock here as the results from the 5.15 and
7 km/s are similar for Gokgen and Lino da Silva
kinetics.

We point out that to perform these simula-
tions the original kinetic schemes from Gokgen and
Lino da Silva were adapted to suit our purposes as
needed for Boltzmann, ESS and VSS simulations.
To perform ESS simulations, our own rates com-
puted from IIT C were used for spontaneous emis-
sion, but the electronic excitation processes and
rates are from Magin’s kinetic model [6]. VSS sim-
ulations have their vibrational-specific excitation
and dissociation rates given by the Forced Har-
monic Oscillator model (FHO), detailed in [3].

A. Global results

Figures 2 and 3 plot the macroscopic tempera-
ture of the gas is plotted for the shock speeds 5.15
and 9 km/s. Each plot displays Lino da Silva’s ki-
netics in solid lines and Gokgen’s kinetics in dashed
lines. In these two figures there are some trends
to be noticed. First, post-shock cooling is gener-
ally slower for the Boltzmann model, followed by
the ESS and then VSS models. This is in agree-
ment with state-specific kinetics, as endothermic
electronic and vibrational reactions favor energy
exchanges in the flow, contributing thus to the ab-
sorption of a larger amount of translational energy.
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Figure 3: Shock speed of 9000 m/s.

will be corroborated in later figures, dissociation is
one of the main endothermic processes. It is clear
that for lower shock speeds the temperature starts
decreasing later than for higher speeds. The dis-
sociation incubation time is therefore greater for
smaller energies, as it would be expected
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Figure 2: Shock speed of 5150 m/s.

A feature of the 9 km/s shock, is that endother-
mic processes in Gokgen’s kinetics lead to a faster
temperature decrease than in Lino da Silva’s. In
contrast, for a shock of 5.15 km/s, both kinetics
agree reasonably on the temperature’s values. This
outlines the updates of Lino da Silva’s from Gokcen
kinetics, enforcing the same low temperature be-
havior but keeping rates physically consistent at
higher temperatures. We should therefore expect
similar results for low speed shocks at 5.15 km/s
but larger discrepancies at 9 km/s.

The dominant difference from the two in ki-
netics is the dissociation incubation time. As it

t[s]

Figure 4: Boltzmann simulation at 9 km/s.
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Figure 5: ESS simulation at 9 km/s.

In figures 4, 5 and 6 we plot the mole fractions
of selected species for the 9 km/s shock and dif-
ferent kinetic models. The peaks of the N atoms
populations are compatible with the temperature
decrease in figure 3. Also visible is the decrease of
ionization degree (10~%, 1072, 107%) as the kinetic
model goes from Boltzmann to VSS. This can be
explained by the available energy in the flow. Once
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Figure 6: VSS simulation at 9 km/s.

dissociation is fully established, ionization sets in
and the more energy is available the higher the
ionization degree will be.

The Boltzmann simulation reaches equilibrium
conditions around ¢t = 10~2, when the molar frac-
tions become constant. This equilibrium is much
more pronounced in Gékgen’s kinetic scheme prob-
ably due to the non-physical rates used in this
model which force the gas to reach equilibrium con-
ditions much faster.

We may now draw a more general conclu-
sion on Gokgen’s and Lino da Silva’s kinetics as
well as the kinetic models, Boltzmann, ESS and
VSS. Gokgen’s kinetics appear to be inadequate at
higher temperatures. VSS simulations, include a
large number of V-T endothermic processes that
the ESS and Boltzmann models are lacking, fa-
voring faster decrease of the plasma temperature
downstream of the shock.

B. Excited species populations

In the previous subsection we have showed the
unsuitability of Gokcen’s kinetics for high temper-
atures. This subsection is more concerned with the
macroscopic properties of the gas. We will be ana-
lyzing the populations of the species excited states
which are key to the radiative characteristics of the
gas.

Radiative processes are intimately linked with
these excited electronic states. Figures 7 and 8 plot
the mass fraction of stronger emitting species and
their corresponding ground levels are shown. At
9 km/s, there is no agreement between the differ-
ent models and kinetics. The order of magnitude
of the peak populations is the same but there is
a discrepancy in the time scales across the mod-
els. This will have a direct impact on the radiative
properties of the gas.

In figures 9 and 10 the vibrational populations
time evolution of N,(X) for Gokgen’s and Lino da
Silva’s kinetic models are plotted for a 9 km/s
shock. There is no agreement between the two
kinetic models. While the vibrational excitation
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Figure 7: ESS simulation at 9 km/s.
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Figure 8: VSS simulation at 9 km/s.

of Ny(X) is the same (due to the shared FHO
model), the higher temperatures reached at this
shock speed yield very different N, dissociation
regimes. A bump in the vibrational distribution
for the Gokgen kinetic can be observed around
t =[1077,1075]. At this time the explanation for
this sort of plateau is unclear. We can only spec-
ulate that this feature is due to a different inter-
action of the vibrational redistribution model with
the original chemical-kinetic model of Gokgen in
comparison to Lino da Silva. In contrast, Lino da
Silva kinetics exhibits a smooth temporal evolu-
tion.
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Figure 9: Distribution, Gokgen kinetics at 9 km/s.
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C. Post-shock radiation

In figures 11 and 12, the post-shock radiative
intensity is plotted for Gokgen’s and Lino da Silva’s
kinetic models for the 9 km/s shock speed. The
calculated results are compared with experimental
data taken from A. Brandis PhD thesis [7]. Note
that our simulations are carried out in a 0D frame-
work. Experimental data is not in the same for-
mat as a 0D simulation. In fact, experimental data
was presented on a distance scale, by considering
the distance from the shockwave. The conversion
from distance to a time scale is done assuming a
constant shock speed. Also, since the spectral win-
dow for the shock tube experiments only covers the
spectral range [310,450] nm, the only measured ra-
diation systems are the N,(C) —— N,(B) (2nd
positive) and the CN(B) —— CN(X) (violet) sys-
tems. This is taken into account in the calculation
through a new variable S;; which is 1 if the tran-
sition is within the spectral window and 0 if the
transition is outside it. .S;; is introduced in equa-
tion (9).
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Figure 11: Radiation intensity, Gokcen kinetics at 9
km/s.

The first noticeable difference is that Boltz-
mann kinetics overpredicts the intensity of radi-
ation. This is expectable since the plasma temper-
atures is higher for a Boltzmann simulation (see
figure 3). Two regimes can also be identified with

10—
~.Boltzmann 4
Vss @

102
10!
100 F
101 F

102 F -
[ Brandis N
103 £ N

I [W/cm3/sr]

104 Al
10 107 10 10°% 10

t[s]

Figure 12: Radiation intensity, Lino da Silva kinetics
at 9 km/s.

a change between them at around radiation peak.
This is due to the estimation of electronic levels
population. The first regime is dominated by the
transition Ny(C) —— N, (B) while N, is still the
majority population. After the radiation peak, CN
is mostly created beginning the second regime as-
sociated with the dominating CN(B) — CN(X)
transition. At 9 km/s, N, and CN sufficiently dis-
sociate such that radiation drops with time. This
is in agreement with figure 4.

For a 9 km/s shock, ESS and VSS models for
each kinetic scheme seem to have different radia-
tive peak heating. The magnitude between simu-
lated results is precise, but not accurate when tak-
ing into account the experimental results. The ESS
Gokeen predicts a radiative peak sooner, while the
ESS Lino da Silva simulation predicts it later when
compared with the experiment. The VSS model
seems to predict a good radiative peak temporally-
wise so. The time of the peak has been better pre-
dicted by Lino da Silva, but this result is not yet
very satisfactory taking into account the radiative
discrepancies in magnitude.

This divergence seems even to be more serious
when observing the spectral data from Brandis [7].
N, 2nd positive system is actually not an observed
transition. Yet, it represents an important con-
tribution in the model. This may be due to the
lack of a reaction accounting for the dissociation
of Ny (C) or a limitation of Magin’s kinetic model
which is built from data tailored for low temper-
ature plasma experiments. Looking back to fig-
ures 7 and 8, the N,(C) mass fraction presents
a relative population similar to the higher vibra-
tional levels of N4 (X) as in figures 9 and 10. If it
dissociates as easily as one of the higher vibrational
levels, the radiation from the N,(C) —— Ny (B)
transition might become negligible. CN(B) doesn’t
dissociate as well, but globally the dissociation rate
of this species is not as high as the dissociation of
N,. Further, dissociation of CN is not occurring
before radiation peak but after.

Improvements for the accuracy of this model
would be the update of deployed the vibrational



redistribution model. The physical lack of physical
consistency of this model has been discussed previ-
ously. This model could be improved as in [10] to
be physically consistent, hence decreasing the mag-
nitude of the radiation peak. Another factor that
could be investigated would be higher shock speed
simulations and cross-checking with other exper-
imental data using other initial gas compositions.
This could potentially lead to improved model cor-
rections and/or to a better global validation of it.

V. CONCLUSIONS

The two main objectives of this work have been
partially achieved. After modifying the kinetic
models and simulating the shock tube flows we
have reached the following two main conclusions:

e The results for a low shock wave speed are
in reasonable agreement with the experimen-
tal data. This is not unexpected, since at
least Gokecen’s kinetic scheme was success-
fully used to update the aerothermal space-
craft database of the Huygens probe.

e The results for a high shock wave speed are
still not satisfactory in magnitude, however
the behavior exhibited are reasonable time-
wise.

We have also stated that further improvements
should be made to the kinetic modeling, namely
the inclusion in the kinetics for the dissociation
of excited electronic states of N, and a physically
consistent model for the vibrational redistribution.
It is expected that these changes will improve the
predictive compabilities of the models presented in
this thesis.
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