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Abstract: Today, more than ever, physical and numerical modeling of atmospheric entry flows is
one of the primary research focuses of the CFD community. During the entry phase, a body crosses
the atmosphere and encounters a rarefied gas that becomes progressively denser with decreasing
altitude. In the present work, the continuum regime is considered such that the gas is dense enough
to be treated as a continuum medium and the Navier—Stokes equations apply. Strong bow shocks
form in front of the body, and the temperature across them reaches thousands of kelvin, triggering
non-equilibrium effects such as dissociation and ionization of the gas molecules. To account for
these effects, the most common approach is to use the two-temperature model by Park. Although
many research and commercial CFD codes use this model or some of its variants, it has been
shown that it cannot reproduce the full spectrum of non-equilibrium gas dynamics. Hence, a
reduced state- to-state model is considered for the simulation of atmospheric entry on Uranus and
Neptune, and an operator-splitting technique is used to separate the physical processes for improved
computational efficiency. The solutions are obtained with the CPU-based code SU2-NEMO and
compared to those obtained with the GPU-based code DAMISO.
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1. Introduction

The complex physical and chemical mechanisms make the simulation of atmospheric entry flows a
difficult task. The temperature behind strong bow shocks reaches thousands of kelvin; this triggers
chemical reactions such as dissociation and ionization changing the composition and the thermodynamic
state of the gas medium. To model these effects, the two-temperature (2T) model by Park [1] has become
a widely-adopted option in the majority of commercial and research CFD codes due to its simplicity and
effectiveness. Although the two-temperature model performs well for a wide range of flows, it is not able
to reproduce some important aspects of non-equilibrium flows [2, 3] and for this reason more advanced
models have been considered by the scientific community. One model that is expected to provide better
insight into the nonequilibrium processes typical of high-Mach and high-enthalpy flows is the so-called
state-to-state model (StS) [4, 5, 6]. By accounting explicitly for the excitation of electronic states of
the species in the gas, it is expected that the non-equilibrium energy exchange during particle collisions
is represented more accurately allowing for a better understanding of these mechanisms in the case of
potentially complex flows and allowing for a model that better predicts aerothermal loads on vehicles
intended to operate at hypersonic regimes and/or undergoing atmospheric (re-)entry. In the present work,
an hybrid multi-temperature/state-to-state (mT/StS) model is considered [7, 8], assigning a vibrational
temperature to the ground electronic state of diatomic molecules and treating some electronic excited
states of atoms and molecules in a StS framework, whereas translational and rotational energies are
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considered in equilibrium with each other. This model has been constructed for the Hy/He mixture [9]
derived from a StS model applied to Saturn entry. Hence, each electronic state is treated as a pseudo-
species, whose spatio-temporal evolution is described by transport equations just like the case of true
species. The atmospheric entry on ice giants was considered as test case. The simulations were performed
with SU2 NEMO [10], a package that implements the Mutation++ [11] thermochemistry library in the
SU2 CFD suite. In order to run simulations efficiently and efficiently, two different numerical schemes
were used; these will be explained in more detail in the results section. Specifically, these were a fully
implicit scheme and a semi-implicit scheme. For the semi-implicit scheme, the stiffness of the chemical
source terms in the species mass balances are addressed using a sequential operator splitting method
(also known as fractional step method). By means of operator splitting, an implicit scheme is used to
solve the chemistry sub-step without the very demanding time step restriction and an explicit scheme is
used for the transport sub-step with the classical advection-diffusion CFL requirement. The results of the
entry trajectories in Neptune and Uranus are presented. Code verification is performed by comparing the
results with those obtained with the code DAMISO [12] developed at the Polytechnic University of Bari.

2. Methodology

The CPU-based SU2-NEMO and the GPU-based DAMISO are both based on a finite volume approach.
In both codes the continuum flow in thermochemical nonequilibrium can be written as a system of partial
differential equations:

ou
R(U,VU) = E+V-FC(U)—V-FV(U,VU)—Q(U) =0, (1)
where the terms are the conservative variables U, the convective flux F¢, the viscous flux F¥ and the
source terms Q and n; is the total number of species (or pseudo-species as in the StS approach):
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In the hybrid mT/StS model the equations are formally the same but ng does not refer to the chemical
species that make the mixture, instead it refers to all the pseudo-species, hence the chemical species
with their electronic modes. In both models the mixture viscosity, thermal conductivity and diffusivity
are computed starting from single species values. The state-to-state methodology was introduced in
Mutation++, even though this branch is still not open-source as the work is under development and
verifications are ongoing. A sequential operator splitting approach [13] is used to separate the problem
into two different sub-problems. The spatial discretization is performed and a system of ODEs is obtained:

dU

I =F,(U)+Fp(U)+Fr(U), xe€Q, >0,

U = Up, xeSp, t>0, (3)
0,U = Uy, x €Sy, t>0,

where F 4, Fp and Fg represent the advection, diffusion and reaction operators respectively. Sp and Sy
are, respectively, the portions of the boundary of the physical domain Q where Dirichlet and Neumann
boundary conditions are applied. Then, the source terms are separated from the advection and diffusion
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terms, obtaining the two sub-problems:

dU*

o= Fr(U"), on (¢, "), U*(¢") = U" (4a)
dUu** % s n .n+l ) . n+l

- =Fa(U™) +Fp(U™), on (¢", "), U™ (¢") = U (1) (4b)

with U™*! = U™ (¢#"*!). The equations (4a) and (4b) are solved sequentially for every time-step where the
solution of equations (4a) is used as initial condition for equations (4b). The particular choice of splitting
source terms from transport terms is done so that equations (4a) represent an initial value problem and
no boundary conditions are required. A different splitting of the original system (3) would introduce an
additional error if boundary conditions are not modified accordingly [13]. Of course, the splitting error
is still present if the advection-diffusion and reaction operators do not commute, making the sequential
splitting first-order in time [14]. More evolved splitting strategies can be employed, like Strang splitting
[15], to reach second order convergence if the sub-steps schemes are at least second-order accurate.
However, since the main problem with non-equilibrium external flows is the stability of the scheme, for
the moment, the sequential splitting approach was believed to be sufficient. The splitting strategy enabled
the use of different time integration schemes to solve the sub-steps. Specifically, an implicit scheme used
to solve the sub-step (4a) and an explicit scheme for the sub-step (4b). The time-step is the same for both
sub-steps such that the requirement of the advection-diffusion CFL condition is fulfilled.

3. Pseudo state-to-state model

A detailed state-to-state kinetic model was developed by G. Colonna, L. D. Pietanza, and A. Laricchiuta at
CNR-ISTP Bari. The mechanism includes the species H, H*, H™, H; , Hy, He, He™, He™™, and e~ with
H and H; and the first three and four excited levels of H and H,, respectively. To describe electronically
excited molecular states with improved accuracy, the model uses a revised set of electron-impact cross
sections. Singlet states are subdivided into vibrational levels, while state-specific Einstein coefficients
and quenching processes are included; the latter contribute to molecular dissociation. The reduced
model adopts a two-temperature formulation to decrease the cost associated with fully vibrationally
resolved states. Starting from the state-to-state database, the chemical reaction rates and the characteristic
frequencies for internal-temperature relaxation are expressed as functions of the relevant temperatures.
Heavy species are assumed to be in equilibrium at the roto-translational temperature 7;,.. Molecular
hydrogen is assigned a vibrational temperature T, Finally, H and H, remain electronically resolved.
Doubly ionized helium is retained only for the evaluation of thermodynamic properties. Although He**
becomes important at thermochemical equilibrium above 50000K, the ionization of He™* is not included
in the chemical mechanism because it is inefficient as a reaction pathway.

Name | Thermodynamic model | Electronic states

H 1 ground + 3 excited states
H* Only ground state

H™ Only ground state

H, RRHO 1 ground + 4 excited states
HJ RRHO Only ground state

Hj RRHO Only ground state

He Only ground state

He* Only ground state

e

Table 1: Thermodynamic model and electronic states for the considered species.
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3.1 Thermodynamic properties

The thermodynamic properties of pure gases are derived from statistical mechanics through the corre-
sponding partition functions. For example, if the different energy modes are assumed to be separable,
the energy of a species, or pseudo-species, it can be written as the sum of the contributions associated
with each independent mode. The Rigid-Rotor-Harmonic-Oscillator thermodynamic model is suitable
for thermal non-equilibrium calculations. In multi-temperature models, the number of energy equations
is equal to the number of independent global energy modes. The energy exchanged between these modes
is not determined explicitly by the governing equations and must therefore be represented through mod-
eled source terms. The state model used in the present work implements a two-temperature formulation
with the following thermal non-equilibrium assumptions: 7; = 7,,T,, = T, = Ty.. It can be applied to
electronically resolved levels, including the hybrid formulation employed in the present work. Internal
energy can be obtained from partition functions as follows:

ei=el(T)+ Y, el(Ty)+el, )
nEM}"t
3
el = ERiTz,i, (6)
dlog Q7
2
e? = RiTn,i a7, il . (7

This definition of internal energy is applicable both to multi-temperature models and to state-specific
models, provided that the appropriate temperature and partition function are used for each mode. The
remaining thermodynamic properties can be obtained in an analogous way [16].

3.2 Transport properties

In Mutation++, transport fluxes are evaluated using a multiscale Chapman-Enskog perturbative solution
of the Boltzmann equation [17]. This approach yields asymptotic expressions for the transport coeffi-
cients, including viscosity, thermal conductivity, and diffusion coefficients. The coefficients are computed
from linear transport systems, using a Laguerre-Sonine polynomial expansion to approximate the Enskog
solution with increasing accuracy. The collision-integral database is organized into different interaction
classes, such as neutral-neutral, ion-neutral, electron-neutral, charge-charge, and electron-electron colli-
sions. These transport data were taken from [18] and were already available in the Mutation++ database.
Only ground-state species are assumed to contribute to transport. For charge-charge interactions, col-
lisions between charged particles are described using a screened Coulomb potential, shielded over the
Debye length, where z;z; is the product of the charges of the colliding species. The Debye length Ap
defines the characteristic distance over which charged particles are shielded from the surrounding plasma.
In Mutation++, only electrons are considered in the shielding, and therefore the Debye length is written as
in eq. 9 [19] derived an integration procedure for the Coulomb potential and expressed the main collision
integral as a function of a reduced temperature 7* expressed in eq. 10.

2
ZiZj g, r

. _ 2t S 8
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e

The dynamic viscosity ¢ and the thermal conductivity A, are obtained from the first Laguerre-Sonine
polynomial approximation of the Chapman-Enskog expansion. The resulting expression requires the
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solution of the following linear systems:

i A
M= Z a; Xi, Ap = Z a; hxia

ieH ieH
11 12
> Ghat =x;,  VieH, b > Glraf =xi,  VieH. (12
jeH jeH

Here, Gf‘j and G;ljf’ are obtained from the collision integrals.

3.3 Kinetic mechanism

For each reaction, the molar rate of progress can be written as follows:

R, =Ky, l_[ (ﬁ.)v,—r _&, l_[ (%)Vir' 13)

ieS* L

Here, M; denotes the molar mass of the corresponding species or pseudo-species, while Ky and K, are
the forward and backward reaction-rate coefficients. The mass production rate of the i-th pseudo-species,
W;, 1s then computed from the law of mass action as follows:

Wi = Mi Y (Vi = Vi) Ry (14)
reR

Four additional rate laws were implemented in the Mutation++ library. A generic independent temperature
is denoted by T;,, where the subscript may be n = tr, fe,v, depending on the physical process being
modeled. The new rates laws are shown in Table 8 in Appendix A. The kinetic mechanism can be
divided in three classes of reactions: excitation/de-excitation reactions of molecular and atomic hydrogen
depicted in Table 5 in Appendix A., the radiative kinetics made of radiative recombination, bound-bound
transition (spontaneous emission) and photo-dissociation reactions in Table 6 in Appendix A., and finally
chemical kinetics in Table 7 Appendix A. The chemical kinetics reactions give rise to two ionization
paths. The first starts with H, dissociation by impact with heavy particles but ionization proceeds with
associative ionization rather than heavy-impact ionization. Then, the kinetics proceeds dissociating
molecular hydrogen and ionization of atomic hydrogen by by electron impact. The second ionization
path begins with the exchange reactions between ground levels of molecular hydrogen that produce H;
and H~. These to species unfold different branches of the mechanism:

Table 2: Ionization path initiated by the presence of HJ (left) and H™ (right)

H™+H* <= H(®i) +H(0)
H™+H] = Hy(0) +H(0)

H +e” =H(0) +e” +e”
H™ + Hy(0) = H(0) + e~ + Hy(0)
H  +He <= H(0)+e +He
H™ +H(0) = Hy(0) +e”
H™+H* <=H] +e”

H™+H; <=H]+e"

H +e~ = H(0) + H(0)

H] +e~ = H(0) + H(0) + H(0)
HJ + H(0) = HJ + H2(0)

H + H(0) = H" + H(0)

HY +e~ =H(0)+H" +e”




Thirteenth International Conference on Computational Fluid Dynamics (ICCFD13)
Milan, Italy, July 06-10, 2026 6

P[Pa] | TIK] | Ty[K] | Af[s] | Yy, [-]| Yeel-]

46664 | 36000 | 1000 | 1x 10710 | 0.81 0.19

Table 3: Initial conditions for the thermal reactors

3.4 Energy transfer terms

Vibration-heavy translation and free electron-heavy translation energy exchanges are taken from the CNR-
ISTP Bari model. Chemistry-vibration coupling is described using the classical Candler non-preferential
model [20]. The model also includes chemistry-electronic and chemistry-free-electron coupling. In
addition, it accounts for the loss of energy from the electron thermal bath due to electron-impact reactions,
including ionization, excitation, and dissociation. It accounts for energy losses associated with bound-
bound radiative transitions in a transparent gas. In general, these energy-transfer mechanisms can be
grouped into relaxation processes and chemical energy-exchange processes. All the energy transfer terms,
including the new relaxation processes and the CNR-ISTP models, are described in Appendix B.

4. Use cases

This Section presents the application of the proposed methodology to OD and 2D use cases representing
respectively the nonequilibrium processes happening inside a thermal reactor and the non-equilibrium
processes established in proximity of the blunt nose of a vehicle at atmospheric entry conditions.

4.1 0D Thermal Reactors

This section presents a comparison of the results in 0D thermal reactors between the CPU code SU2-
NEMO and the GPU code DAMISO. Before the assessment of the differences, the focus must be on some
significant differences in the thermochemical models used by the two codes. The first difference is in the
chemistry-vibration transfer term model; DAMISO uses the fit law by CNR-ISTP whereas SU2-NEMO
relies on the Mutation++ library, in which the fit law is not implemented and models the term as explained
in 7. The second difference is in the kinetic mechanism; in Mutation++ H, dissociate by impact with
the heavy species H, and H regardless of it’s electronic level, but in DAMISO the ground level does not,
i.e., eqs. 1.1 and 2.1 in Table 7 are not present in the kinetic mechanism used by DAMISO. Moreover,
heavy-impact dissociation of H, due to collisions with He only exists for the ground level of H; (eq.3 in
Table 7) while the kinetic mechanism of DAMISO only considers this dissociation reaction for the excited
levels of H, . The third difference is the absence of an electron-impact dissociation reaction that produces
a hydrogen cation H*. Essentially, the following reaction is considered by the kinetic mechanism of
DAMISO but not the one presented in this work:

Hy(0)+e” = H(0) +H"  +e” +e7, (15)

which affects the production of atomic hydrogen and hydrogen cation. Three thermal reactor simulations
were performed, with the same initial conditions listed in Table 3, with three different mixtures (and
associated mechanisms). The first is a simplified mixture of neutral species and its kinetic mechanism
activates the dissociation reactions of H, only. The code to code comparison is shown in Fig. 1. The
difference in temperature profiles highlights the effect of the different models for the chemistry-vibration
source term in the vibrational energy equation. Thermal relaxation is faster in SU2-NEMO with the
vibrational temperature that reaches a much higher peak value. In DAMISO, when molecular hydrogen
is completely dissociated and its mass concentration reaches the equilibrium value, the vibrational
temperature abruptly increases and equilibrates with the translational temperature. The higher value of
T, in the relaxation region is also reflected in the dissociation rate of H,. From the mass fractions plot
in fig. 1 it is clear how the dissociation rate in SU2-NEMO increases with respect to that of DAMISO
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as the vibrational temperatures difference increases. Consequently, the mass fractions reach chemical
equilibrium faster. The values of temperature and mass fractions at equilibrium is the same for the two
codes, with only a slight difference in H, mass fraction of the order O (107°).

Figure 1: Neutral mixture thermal bath profiles in time. Temperatures (left) and mass fractions (right).

The second thermal reactor simulation was performed with the complete mixture. However, the radiative
processes of the kinetic mechanism were de-activated. The temperatures profiles shown in fig. 2 are
qualitatively different. Compared to DAMISO results, in the first portion of the relaxation process, the
vibrational temperature is in very good agreement while the translational temperature relaxes faster.
The peak of vibrational temperature is again much higher for SU2-NEMO but thermal equilibrium is
reached quicker. Just like the previous case, in DAMISO thermal equilibrium is reached when molecular
hydrogen reaches its equilibrium value. After 1 us, the temperature of SU2-NEMO starts decreasing
and reaches the equilibrium value, equal to that of DAMISO. This is followed by a settling of H, mass
fraction to its equilibrium value. Contrary to the neutral mixture case, in the first 10ns of simulation, the
mass fraction of atomic hydrogen is lower than that of DAMISO, this is believed to be due to the lack of
reaction in eq. 15. The same missing reaction in the mechanism is believed to cause the lower production
of ionized species shown in Fig. 3. A lower concentration of H* implies a lower production of H; and
H7 . From the evolution of ionized species is clear that the effect of H, recombination is to increase the
mas fractions of ionized species since it reactivates dissociative attachment, electron impact and charge
exchange processes.

Figure 2: Full mixture thermal bath without radiative processes profiles in time. Temperatures (/eft) and
neutral species mass fractions (right).
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Figure 3: Full mixture thermal bath without radiative processes profiles in time. Ionized species mass
fractions.

The results of the third thermal bath are very similar but highlight the effect of radiative emission on
the temperatures and mixture composition. The effect of photon emission is to reduce the total energy
of the plasma, this can be seen in fig. 4 as the temperature profiles of both DAMISO and SU2-NEMO
keep decreasing after reaching thermal equilibrium. Both neutral and ionized species evolutions, shown
in fig. 4 and fig. 5 respectively, are very similar to those of the full mixture without radiation. The main
effect of temperature decrease on species mass fractions is a continued recombination of H,. Without
radiative processes, hydrogen recombination was followed by an increase in ions mass fractions; instead,
fig. 5 shows that after a slight increase they start decreasing. This is due to the radiative recombination of
H™* which, in turns, produces a reduction of concentration of the other ions, prevailing on the chemical
kinetics associated to the increase in H,.

Figure 4: Full mixture thermal bath with full reaction mechanism profiles in time. Temperatures (left)
and neutral species mass fractions (right).
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P[Pa] | T[K] | Tv[K] | Ma[-]| Y, [-] | Yue [-] | Tw [K]

22 300 300 18.15 0.74 0.26 3258

Table 4: Initial conditions for the 2D flow around a cylinder

Figure 5: Full mixture thermal bath with full mechanism profiles in time. Ionized species mass fractions.

4.2 2D Flow Past a Cylinder

Two 2D planar simulations were performed over a cylinder with isothermal surface at temperature
T,, = 3258 K; the freestream conditions were chosen to represent re-entry on an ice giant planet and are
listed in Table 4. The simulations were performed with a classic 2T model and the pseudo-STS model.
All 2D simulations used neutral mixtures since appropriate boundary conditions for ionized mixtures are
currently under development. The solution for the multi-temperature case has been obtained using the
operator-splitting approach to reduce the computational effort of a fully implicit approach. However, in
the case of the STS mixture, the large number of reactions made the use of a fully implicit approach
essential to speed up the calculation. The mesh used for the simulations is a structured grid of 150
thousand elements. The grid was refined in the boundary layer with a minimum Ay of 107% m at the
wall and at the shock location. Figure 6 shows the profiles of the temperatures and the mass fractions
on the stagnation line. Across the shock, the translational temperature peak is remarkably lower in
the STS results, while the vibrational temperature peak only differs slightly. The STS results show a
shorter relaxation time, but both simulations reach the same equilibrium temperature. Figure 7 shows the
contours of translational and vibrational temperatures and the difference between the two, highlighting
the thermal non-equilibrium region just downstream of the shock wave. Despite the marked difference in
the maximum translational temperature, the mass fractions for atomic and molecular hydrogen are very
similar in the two cases. The STS model produces a faster dissociation of H;. Figure 6 shows the profiles
for the excited states of both atomic and molecular hydrogen. The population of the excited states are
very small if compared to the ground states. It is noteworthy that the second and third excited states of H
do not appear.
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Figure 6: 2D flow over a cylinder results comparison between multi-temperature and pseudo-STS models.
Temperature profiles (left) and mass fractions profiles (right) along the stagnation line. Hy, H| represent
the ground state and the first electronic level for atomic hydrogen, respectively. H2y, H2;, H2,, H23 and
H?2, represt the ground and excited states of molecular hydrogen.

Figure 7: Thermal non-equilibrium contours. Translational temperature (left), vibrational temperature
(middle) and difference between the two (right).

5. Conclusions

In this work, hypersonic non-equilibrium simulations of He/H, mixtures representative of Ice Giant
atmospheric entry conditions were performed and compared against the DAMISO reference solver. The
comparison focused on predicting the species distribution, and thermal non-equilibrium effects un-
der high-enthalpy conditions. Overall, the results demonstrate a satisfactory agreement between SU2
and DAMISO, confirming the capability of the implemented framework to reproduce the dominant
physical phenomena governing chemically reacting and thermally non-equilibrium flows. Nontheless,
non-negligible discrepancies are observed in several flow quantities. These differences can be primarily
attributed to the distinct thermodynamic modeling assumptions adopted by the two codes. In the present
SU2 formulation, the electron temperature is assumed to be in equilibrium with the vibrational tempera-
ture, whereas DAMISO assumes it equals the translational temperature. Since ionization, recombination,
and electron-impact processes are highly sensitive to the electron temperature, these different assumptions
directly affect the predicted thermochemical state of the plasma and, consequently, the species concen-
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trations and energy distributions throughout the flow field. The observed deviations should therefore
not be interpreted solely as numerical differences between the solvers, but rather as a consequence of
the different physical models employed to describe thermochemical non-equilibrium. The comparison
highlights the importance of the electron-energy treatment in high-enthalpy hydrogen-helium plasmas
and suggests that the choice of thermodynamic closure can significantly influence the predicted flow
properties.
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6. Appendix A.

Table 5: Electron-impact excitation reactions.

No. Type Reac. 1 Reac.2 Prod.1 Prod.2 Ratelaw
1.1  Electron-impact excit. H ~ H(0) e” H(1) e” CNR_Bari_1
1.2 H(0) e” H(2) e

1.3 H(0) e” H(3) e”

1.4 H(1) e H(2) e

1.5 H(1) e” H(3) e

1.6 H(2) e H(3) e

2.1  Electron-impact excit. H,  H(0) e H,(1) e CNR_Bari_4
2.2 H,(0) e” H,(2) e

2.3 H,(0) e” H,(3) e”

24 H;(0) e H,(4) e
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Table 6: Radiative reactions considered in this work.

No. Type RI R2 Pl P2 P3 Ratelaw
1.1 Radiative recombination H* H* e~ HO) hv CNR_Bari_1
1.2 H* e~ H(l) hv

1.3 H* e~ HQ@) hv

14 H* e” H@A3) hv

2.1  Bound-bound emission H; H,(1) H(0) hv constant
22 H(2) Hy(0) hv

2.3 H,(3) H>(0) hv

2.4 H2(4) H2 (0) hyv

3.1 Bound-bound emission H H(3) H(0) v

32 H(3) H(l) hy

33 H(3) H(2) hv

3.4 H(2) H() Ay

3.5 H(2) H(1) hv

3.6 H(1) H(0) hv

4.1  Photo-dissociation H; H(1) H(0) H(0) hv

42 H(2) H(0) H(0) hv

4.3 H,(3) H() H(O) hv

44 H,(4) H() H(O) hv

12
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Table 7: Chemical reaction mechanism considered in this work.

No. Type RI R2 Pl P2 P3  Ratelaw
1.1  Heavy-impact diss. Hy /H; H,(0) H(x) H(0) H(0) Hy(x) arrhenius
1.2 Hy(1) Ha(x)  H(0) H(0) Ha(x)

1.3 Hy(2) Ha(x) H(0) H(0) Ha(x)

1.4 Hy(3) Hy(x) H(0) H(0) Ha(x)

1.5 Hy(4) Ha(x) H(0) H(0) Ha(x)

2.1  Heavy-impact diss. H, /H H,(0) H(x) H(0) H() H(x) CNRBari_2

2.2 H,(0) H(1) H() H(0) H() constant

2.3 H,(1) H(x) H(0) H() H(x) arrhenius

2.4 H»(2) H(x) H(0) H(0) H(x)

2.5 H,(3) H(x) H() H(0) H(x»)

2.6 Hx(4)  H(») H(@O) H(@O) H(»)

3 Heavy-impact diss. Hp /He H,(0) He H(0) H(0) He CNRBari_2
4.1  Electron-impact diss. Hp H,(0) e” H(0) H(0) e” CNRBari_3
4.2 H,(0) e H() H(1) e
4.3 H,(0) e” H(0) H(2) e

5 Electron-impact diss. H Hy e H(0) H* e CNRBari_l1
17  Heavy-impact elec. detach. H™/H; H~ H,(0) H(0) e H,(0)

19  Heavy-impact elec. detach. H™ /He H~ He H(0) e” He arrhenius
20.1 Dissociative rec. H} HJ e H(0) H(1) CNRBari_1
20.2 HY e H(0) H(2)

20.3 HJ e” H(0) H(@3)

21 Dissociative rec. H] Hj e H,(0) H(0)

22 Dissociative rec. H] HJ e” H(0) H(0) H(0)

23 Dissociative attach. Hp H,(0) e” H~- H(0) CNRBari_3

24 Dissociative attach. H HY e H* H- CNRBari_1

25  Dissociative attach. HY HJ e HJ H-

26  Electron-impact ioniz. Hy H,(0) e” HJ e” e” CNRBari_3
27.1  Electron-impact ioniz. H H(0) e H* e e CNRBari_1
27.2 H(1) e H* e e
27.3 H(2) e H* e e
27.4 H(3) e” H* e e”

29  Electron-impact electron detach. H™ H~- e” H(0) e e”

32 Heavy-impact rec. H /Ha HJ H,(0) H* H;(0) H,(0) arrhenius

33 Exchange H /H, HY H,(0) HY H(0) constant

34  Charge exchange H,/H HY H(0) H,(0) H*
35.1 Charge exchange H™ /H* H~ H* H(1) H(0) arrhenius
35.2 H- H* H(2) H(0)

36  Charge exchange H} /H™ Hy H~ H,(0) H(0)

37  Charge exchange H} /H™ Hj H- H,(0) H,(0)

13
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Table 8: New rate laws used in this work

14
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7. Appendix B.

Free electron-heavy translation (ET) energy exchange:

This term models the elastic energy exchange between free electrons and heavy particles

Landau-Teller relaxation term:

where 7, is the electron number density and vET

ForH, —e ,H—e¢ and He — e~

In VET (Ty)

whereas in the case of ions (H' —

Ty — T
JEr Lo = Tfe

Tfe

OFT _

e

is the transfer frequency:

Z I’liV:-ST.

ieH

VET

interactions the fit from CNR-ISTP was used:

1
Z lane;ajiabji’ Cji) +d,

“,Het —e™):

pr _ 2:6916624 x 10- I My,
Vi Zj-
T, M;

— + _
. H3

through a

(16)

a7

(18)

19)
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The sigmoid function o in 18 is expressed as:

o(n;a,b,c)=a (20)

-b -b
exp 72| 4 expf 122

Vibration-heavy translation (VT) energy exchange:

The energy exchange between vibration and translation modes is of utmost importance in the relaxation
process behind strong shock waves. The transfer term reads:
e; (Ty) — e;(Ty)

VT _
Q" =pi VT

7

QVT = Z YT, (22)
eV

ey

here V is the group of vibrating species. The term TiVT is the relaxation time and, for the H, — H», H — H
and H, — He collisions, is derived by the fit by CNR-ISTP:

3
n (p 2T T) = Y% (23)
j=0
‘K-za’(lnTv;aj,bj,cj), j:1,2,3 (24)
2
a:aO+ZU(InT;a§,b’ft,cﬁ), a=%Ko, aj, bj, c; (25)

k=0
where o, ak, bX and ck are tabulated coefficients.
Electron-impact processes:

Electron-impact ionization (EI) and dissociation (ED) act as sinks to the vibration energy equation and
are expressed in the following:

OF! = Z AH, R, (26)
rel

QFD = Z AH, R,. 27
redD

I and D are the ionization / recombination and the dissociation reaction sets, respectively.
Chemistry-vibration coupling:

The vibrational energy of the gas mixture is affected by the creation and destruction of molecules. The
model approach used in this work is that of Candler [20] which assigns equal probability to a molecule
dissociating from any vibrational state. The average change in the vibrational energy is equal to the average
vibrational energy for the molecule regardless of energy distribution. For every molecular species:

O = ¥ (28)

Bound-bound emission:

A heavy species in the j-th excited level emits radiative power (i.e. photon emission) spontaneously
de-exciting to a lower energy level i. In this work, this is modeled considering an optically thin plasma
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to all emission:

QBB - Z Z n;{ Aii (e{; - e};) , (29)
keHi,jeE
Jj>i

where the terms ﬂ;j are the Einstein coefficients.

Free-free transitions: The free-free term models the transfer between the plasma and the environment due
to Bremsstrahlung emission. Electrons are decelerated when deflected by a charged particle converting
their kinetic energy into radiation:

Xp+e — Xp+e +hv, 30)

where Xy is any charged particle (k € C) being C the set of charged particles. The transfer term can be
expressed considering the electrons at equilibrium:

. 1672 [8kgT:, gre®
QFF = ¢ ne Y z2n; = -143x 10756 n\Te Y 22ni. (31)
33V e moh (dnege)® Z& ’ ‘ Zc ’

The term g is the Gaunt factor and is of order unity.
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