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1 Framework
One of the frontiers of the present era of space exploration is represented by missions toward
Gas and Ice Giants, that are recognized as essential for science as well as for aerospace
industry. In particular, the Ice Giant planets, Uranus and Neptune, represent a relatively
unexplored class of planets [1,2]. Several space research missions have been carried out in the
last years with the purpose of better understanding the nature of these planets (atmosphere,
composition, magnetosphere, gravity field, magnetic field [3]). Many of these missions have
concerned Jupiter (Pioneer 10, 11 and Voyager 1, 2 flyby) and Saturn (Cassini-Huygens,
Pioneer and Voyager spacecrafts flyby). On the other hand, the only close analysis of Uranus
and Neptune comes from the Voyager 2 flyby [3]. Thus, NASA and ESA are currently highly
motivated to devise an atmospheric probe mission for Ice Giants [1,4]. Typical velocity and
stagnation enthalpy values of atmospheric entry into Uranus or Neptune are 22 km/s and
249 MJ/kg [4], respectively, thus requiring the development of a proper Thermal Protection
System (TPS) through the study of the aerothermodynamic environment developing around
the probe.

Under these high speed flight conditions, thermochemical non-equilibrium occurs due
to the high temperature reached by the mixture across the detached shock wave in front
of the body. Moreover, given the high enthalpy regime, internal energy modes are excited
(rotational, vibrational and electronic) and dissociation and ionization effects influence the
chemical composition, giving rise to free electrons and charged species (atoms or molecules)
in the mixture. From the computational point of view, the most common approach to study
thermochemical non-equilibrium is the multi-temperature model (mT) [5] considering the
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translational and rotational energy modes in equilibrium at the gas temperature, T , whereas
vibrational and electronic modes follow Boltzmann distributions at different temperatures
(Tvib and Te), the latter being commonly considered at equilibrium (Tvib = Te = Tve). The
effects of thermal non-equilibrium on chemical reaction rates are then considered using an
effective temperature in the Arrhenius formula, that is a geometrical average of T and Tve.
However, it was recently demonstrated that at hypersonic speeds internal distributions may
depart from the Boltzmann one and mT models can introduce considerable errors [6], thus
requiring the employment of a detailed State-to-State (StS) approach. It consists in deter-
mining the evolution of each internal level, estimating their distribution, without defining
an internal temperature, but at the cost of a very demanding kinetics solver.

The aim of this work is to present an hybrid mT/StS model for the numerical simulation
of Ice Giants hypersonic re-entry. An hydrogen/helium mixture is considered for the flow
past a bluff body, where only electronic modes of H2 and H are treated with a State-to-State
approach (namely, only the ground state is considered for the vibrational mode of H2). This
allows for an accurate description of the internal levels, at a reduced computational cost.

2 Methodology

2.1 Kinetics approach
In last years, the authors have been developing an in-house CFD solver equipped with GPU
in order to reduce the computational cost required by the simulations of hypersonic flows
with detailed kinetics [7]. The governing equations, written in vectorial form, read:∫

V0

∂

∂t
U dV +

∮
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F · n dS =

∫
V0

W dV (1)
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whereas F = (Fx
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V) are the fluxes across each control volume’s sur-
face; here, subscripts I and V stand for inviscid and viscous fluxes. In the proposed model,
the conservative varibale vector reads:
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where (u,v,w) are the Cartesian velocity components, E is the specific total energy of the
mixture, ρH2(l) and ρH(n) are the partial densities of the generic electronic level of H2 and
H, respectively. In the present kinetic model 5 electronic levels are considered for H2 and 4
for H, whose characteristics (energy and statistical weight) are reported in tables 1 and 2.
Moreover, according to a macroscopic approach, the solver requires a transport equation
also for the vibrational energy of H2 (εvib,H2). The corresponding vibrational temperature
is properly calculated, relying on the detailed kinetics provided by the StS approach using
15 vibrational levels, thus reducing the computational cost while preserving an accurate
description of the thermochemical properties.

Table 1: H2 electronic level characteristics.
Level ε [eV] g

l = 0 (ground) 0.0 1.0
l = 1 11.1785 1.0
l = 2 12.2875 2.0
l = 3 13.6921 1.0
l = 4 13.9971 2.0

Table 2: H electronic level characteristics.
Level ε [eV] g

n = 1 (ground) 0.0 2.0
n = 2 10.1986 8.0
n = 3 12.0872 18.0
n = 4 12.7482 32.0

The source terms of the electronically excited H2 partial density equations (l > 0) are
evaluated basing on state-specific data [8]. For a consistent macroscopic approach of the
vibrational ground state mode of energy, one needs to weight the vibrational state-specific
data (kv

f (T )) on the vibrational Boltzmann distribution fB
v (Tvib), in order to obtain the

macroscopic forward rates (kf (T, Tvib)). For the generic process

H2(v) +X ⇀↽ products (3)

the macroscopic forward rate is obtained as

kf (T, Tvib) =
∑
v

kv
f (T )f

B
v (Tvib) (4)

with

fB
v =

gve
−εv/kBT

Qv
(5)

where kB the Boltzmann constant, gv and εv are the statistical weight and energy with
respect to the ground state of the level v and
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Qv =
Vm∑
v

gve
−εv/kBT (6)

the vibrational partition function (Vm = 15 is the number of vibrational states).
To determine the contribution of such reaction to the vibrational energy, gains (G) and

loss (L) terms have been added to the Landau-Teller vibrational energy relaxation equation

dεvib,H2

dt
=

εvib,H2(T )− εvib,H2(Tvib)

τ
+ G − L (7)

where τ is the vibrational energy relaxation time due to vibration-translation (VT) processes
and

L(T, Tvib) =
∑
v

εvk
v
f (T )f

B
v (Tvib) (8)

The corresponding backward rates, kb, and G, depending only on the gas temperature, are
calculated using the detailed balance principle

kb(T ) =
kf (T, T )

Zeq(T )
G(T ) = L(T, T )

Zeq(T )
(9)

where Zeq is the generalized equilibrium constant to account for excited species. Writing a
reaction in the form ∑

s

asXs(ls) = 0 (10)

being as the stoichiometric coefficients of species Xs in the level ls (positive for products and
negative for reactants), the equilibrium condition reads

kb(T )
∏
s

(
neq
s (T )fB

s,ls(T )
)as

= kf (T, T ) (11)

where neq
s is the particle density at equilibrium and Qs appearing in the Boltzmann distri-

bution fB
s,ls

(T ) is the partition function of species s calculated on the level included in the
model. It should be noted that in the hybrid approach, the statistical weight of the ground
state of H2 is given by Qv(Tvib) while its energy is null. Defining

Πg =
∏
s

gass,ls Πε =
∏
s

e−asεs,ls/kBT

ΠQ =
∏
s

Qas
s Keq =

∏
s
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∏
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(
QALL

s

)as
the generalized equilibrium constant is given by

Zeq(T ) =
ΠgKeq

ΠQΠε

(12)
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Note that the equilibrium constants Keq are evaluated from first principle, considering
the “real” thermodynamic functions of reacting species. The mechanisms considered are the
following:

H2(l > 0) + H2 ↔ 2H(n = 1) + H2

H2(l > 0) + H ↔ 2H(n = 1) + H
H2(l > 0) + He ↔ 2H(n = 1) + He

H2(l = 0) + H(n = 2) ↔ 3H(n = 1)

H2(l > 0) → H2(l = 0) + hν

H2(l = 1) → 2H(n = 1) + hν

H(n > 1) → H(n′ < n) + hν

indicating with hν the emission of a photon.

2.2 Transport properties
The mixture transport properties are estimated through mixing rules. Single-species first-
order coefficients [9], viscosity and thermal conductivity, depend directly on collision integrals
of order (2,2), while binary diffusions are derived from diffusion-type collision integrals, Ω1,1

ij ,
relevant to the i − j collisional system. The accuracy of properties relies on the use of
the database of thermally-averaged transport cross sections, constructed, in the frame of a
hybrid approach, for the Jupiter atmosphere [10].

2.3 Numerical scheme
The solver calculates the inviscid fluxes by means of the Steger-Warming flux vector splitting
scheme [11], for which a second order accurate MUSCL discretization is used [12]. Diffusive
fluxes discretization is performed through a centered, second order accurate scheme. Lastly,
in order to exploit GPU capabilities, an explicit, third order accurate Runge-Kutta scheme is
employed for time advancement. More in detail, the solution is updated in two steps: in the
first one, homogeneous equations are solved (without thermochemistry source terms); in the
second step, source terms due to vibrational excitation and chemical activity are evaluated by
means of the implicit Gauss-Seidel scheme. This procedure, suitable for reactive flows [13],
ensures stability and time-accurate solution with a reasonable time-step size, providing same
results as those obtained by using a fully-implicit scheme [14, 15].

3 Results

3.1 0D chemical reactor
A preliminary analysis has been carried out to assess the accuracy of the proposed macro-
scopic approach with respect to StS results. First of all, a constant density 0D reactor is
simulated to assess the chemical solver of a neutral hydrogen mixture composed of two species
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(H2 and H). The initial conditions are summarized in table 3. Two different thermal con-
ditions are considered, namely thermal equilibrium (T = Tvib) and thermal non-equilibrium
(T 6= Tvib). Figure 1 shows the temporal evolution of the gas temperature and species mass
fractions for the equilibrium case, whereas figure 2 illustrates the results for the thermal
non-equilibrium case, reporting also the trend of the vibrational temperature. The initial
value of the vibrational temperature for this case is Tvib = 300 K.

Table 3: Initial conditions for the 0D chemical reactor.
p [atm] T [K] ρ [kg/m3] YH2 YH

1 6014 4.032×10−3 1.0 0.0
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Figure 1: Temperature (a) and species mass fraction (b) profiles for the 0D reactor in thermal
equilibrium.
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Figure 2: Temperature (a) and species mass fraction (b) profiles for the 0D reactor in thermal
non-equilibrium.

The thermal non-equilibrium influences the results leading to a delayed and faster relax-
ation to the steady state in the case of the macroscopic model. Indeed, also the dissociation
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of H2 is delayed and faster, as can be observed by comparing Figure 1(b) and Figure 2(b).
However, in both cases a dissociation rate of about 20% is reached at steady state.

3.2 Hypersonic flow past Galileo capsule
In order to assess the prediction capability of the proposed macroscopic model, coupled with
the fluid dynamics solver, 2D axis-symmetric numerical simulations have been performed.
A hypersonic flow past the nose of Galileo capsule, as illustrated in the work by Coelho and
Da Silva [16], is taken as reference. Specifically, the ‘45o Entry’ case is simulated. This test
represents a benchmark to investigate the main differences between the macroscopic and StS
model proposed in this work. The free stream conditions are here summarized: p∞ = 892
Pa, M∞ = 33, ρ∞ = 4.229 × 10−3 kg/m3 (molar composition is 81% H2 and 19% He). In
such flight conditions, ionization is not expected. Hence, the mixture is considered neutral
and composed of H2, H and He only. No slip and null pressure gradient boundary conditions
are imposed at wall, considered inert and at constant temperature (Tw = 1000 K).

Contour maps of gas temperature are shown in Figure 3: the right hand side illustrates
the results obtained by means of the macroscopic model, whereas StS results are reported on
the left hand side. In order to provide a quantitative comparison, temperature profiles have
been extracted along the stagnation streamline. The results are shown in Figure 4, together
with literature results obtained by Coelho and Da Silva [16] (referred to as Coelho 2023 in the
legend), who performed macroscopic approach simulations. The StS model provides a very
similar shock stand-off distance. Moreover, in the relaxation region (plateau) the value of the
temperature is in a very good agreement with expectations. It can be also observed that the
vibrational temperature profiles are almost overlapped to those of the gas temperature (not
reported in the same graph for a better view): this is expected as the molecular hydrogen
dissociates very quickly, reaching a very low mass fraction in the shock layer, as shown in
Figure 5.

Figure 3: Contour maps of the gas temperature: StS (left) and macroscopic (right) models.
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Figure 4: Gas temperature (a) and vibrational temperature (b) profiles along the stagnation
streamline.
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Figure 5: Mass fraction profiles along the stagnation streamline.

4 Conclusion and perspectives
This work presents preliminary results obtained by simulating a hypersonic flow past a bluff
body for Ice Giant atmospheric entry. Two kinetic models have been compared with each
other, namely the state-to-state and the macroscopic models developed at National Research
Council in Italy. The two models provide very similar dissociation rates for a 0D reactor case
when thermal equilibrium is assumed. On the contrary, thermal non-equilibrium condition
leads to slightly different dissociation rates. However, when coupled with the fluid dynamics,
these differences are negligible for the presented test case. Specifically, the shock stand-off
distance is comparable between the two models, and in good agreement with the numerical
solution in the literature.

The simulation presented in this manuscript is characterized by a low free stream en-
thalpy, not large enough to promote ionization and radiation phenomena. However, the
complete models (both StS and mT one) involve also charged species and electron exci-
tation/ionization/radiation processes for H2 and H. Numerical simulations are ongoing to
assess the capability of the solver in the presence of charged species (H+, H−, H+

2 , H+
3 ) [17].
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