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Abstract

The strong shock experienced by a spacecraft entering the atmosphere leads to the formation of a highly
reactive boundary layer that interacts with its surface through chemical reactions and heat exchange.
From a numerical prospective, these gas-surface interactions can be modeled as a boundary condition
that allows to compute macroscopic properties, such as temperature and recession rates. Mass and
energy conservation is imposed at the surface. In the present work, an ablative surface was numerically
simulated. Since a two-temperature model was employed to describe the flowfield, a surface vibrational
energy balance was derived. It was compared with two extreme cases: surface in thermal equilibrium
and surface vibrationally adiabatic. Results shows that considering surface vibrational energy relaxation
has an important impact on the surface temperature and on the recession rate. Furthermore, it suggests
a possible high internal excitation close to the surface.
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Nomenclature
Latin
h – Specific enthalply [J/kg]
j – Diffusion flux [kg/m2s]
m – Particle mass [kg]
n – Normal to the surface
N – Number flux [1 / m2s]
p – Thermodynamic pressure [Pa]
s – Recession rate [µm /s]
S – Source term
T – Temperature [K]
u – Mixture velocity [m/s]
Greek
α – Collisional efficiency
β – Energy accommodation

γ – Reaction probability
ε – Emissivity
λ – Thermal conductivity [W/kgK]
ρ – Density [kg/m3]
σ – Stefan-Boltzmann constant [W/m2K4]
ω – Chemical production [kg/m2s]
Superscripts
T – Translational
V – Vibrational
Subscripts
g – Gas
s – Surface
env – Environment

1. Introduction
In the hypersonic regime that occurs during spacecraft atmospheric entry a shock is generated; across
it the gas dissociates into reactive atoms, which diffuse through the Boundary Layer (BL) and interact
with the surface [1]: it has to be equipped with a Thermal Protection System (TPS) to preserve its
mechanical integrity [2]. The resulting Gas-Surface Interaction (GSI) includes several types of chemical
reactions (most importantly recombination, oxidation, nitridation and sublimation) and heat exchanges.
The GSI is strongly coupled with the gas phase, thus, from a numerical point of view, it has to be mod-
eled as a boundary condition, that, coupled with a CFD code, allows the user to predict macroscopic
properties, such as surface temperature and recession rate. The most common approach is to impose, on
an infinitesimal volume containing both the gas and the surface, a mass balance for each species in the
mixture and an energy balance for each temperature in the thermodynamic model. The GSI’ s physics
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can be handled directly by the CFD software, but it can be more convenient to have an external library
providing a state-of-the-art model easy to be interfaced. In this study, it was used and expanded the
GSI module of the open source library MUTATION++ [3, 4].
Generally, the gas-surface layer is assumed to be in thermal equilibrium, forcing the vibrational surface
temperature to be equal to the translational one and no vibrational energy balance is needed.
Anyway, experimental campaigns [5] and numerical simulations [6] conducted to study nitrogen heteroge-
neous recombination suggested that products may escape the surface with excited internal energy levels,
leading the above assumption not to be regarded valid under all the circumstances.
Furthermore, an experimental campaign conducted at the von Karman Institute to study low pressure
surface nitridation reveals high vibrational energy levels in the reactive BL [7]. Moving from these moti-
vations, an energy balance for vibrational energy at the surface was derived to investigate whether this
thermal non-equilibrium arises from the GSI.
The new model was coupled with an in-house CFD software solving dimensional reduced, chemical re-
acting, two-temperatures Navier-Stokes equations [8]. It provides the solution along the stagnation line
of the body and on the surface stagnation point.
The above-mentioned experimental campaign was used as input for the simulations. Three different vi-
brational boundary conditions were used to investigate the impact of the surface thermal non-equilibrium
on its macroscopic properties: the developed vibrational balance, a gas-surface layer in thermal equilib-
rium and a surface vibrationally adiabatic.

2. Methodology
2.1. Governing equation and flow solver
The flow is a gas mixture of ns chemical reacting species in thermal non-equilibrium, treated according
to Park two-temperature model[9] that considers the rotational energy mode to thermalize with the
translational one (T T = T R) and the electrons/electronic modes with the vibrational one (TV = TE =

TEL). This last mode will be referred to, from now on, as vibrational one.
The 2 temperatures, chemical reactive Navier-Stokes equations are:

∂ρi
∂t

+∇ · (ρiu + ji) = ω̇i ∀i ∈ [1, ns], (1)

∂ρiu
∂t

+∇ · (ρiu · u + p¯̄I + ¯̄τ) = 0, (2)

∂ρE

∂t
+∇ · (ρuH + ¯̄τu + q) = 0, (3)

∂ρeV

∂t
+∇ · (ρueV + qV) = ΩVT +ΩcV +ΩET − ΩI. (4)

Symbol ρi is the partial density of species i, u is the mass-averaged mixture velocity, ji the diffusion
mass flux of species i, ω̇i its chemical production/destruction rate, p, the thermodynamic pressure of
the mixture, ¯̄τ , the viscous stress tensor, E, the total energy, H = E + p/ρ , the total enthalpy, and q,
the total heat flux. The two-temperature thermodynamic state is computed according to the rigid rotor
harmonic oscillator assumption. Transport proprieties are computed using the Stephan-Maxwell model
for diffusive fluxes and the Chapman-Enskog formulation for viscosity and thermal conductivity [10].
The right-hand side of the vibrational energy conservation, eq. 4, represents the energy transfer be-
tween the translational and the vibrational mode. The first term is the energy exchange by collisions
between the vibrational and the translational mode and can be modelled using the Landau-Teller for-
mulation [11]:

ΩVT =
∑
i∈M

ρi
hV

i (T
T )− hV

i (T
V)

τVT
i

, (5)

where “M” denotes the set of vibrating molecules and τVT
i is the characteristic relaxation time. It was

computed according to the Millikan and White empirical formula [12] with Park correction [13]. The
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second term represents the energy added/subtracted to the vibrational mode due to recombination/dis-
sociation. It was evaluated according to[14]:

ΩcV =
∑
i∈M

hV
i ω̇i, (6)

where M is the set of molecule created/destroyed by chemical reactions. The third term represents the
exchange of energy between free electrons and heavy species; it was also evaluated using a Landau-Teller
formulation. The term ΩI can be expressed as:

ΩI =
∑
i∈I

∆hiRi, (7)

where Ri is the rate of progress for the ionization reaction and ∆hi is the ionization energy, computed
according to [15].
All the used models and energy transfers were computed by means of the MUTATION++ library.
The 2T NS system can be dimensionally reduced by means of the stagnation-line theory for axisymmetric
problems: the system of equations is firstly reduced in spherical coordinates system (r, θ, φ). Exploiting
the axial symmetry around r axis, uφ = ∂

∂φ = 0. Applying the separation of variables and letting θ tend
to zero allows the problem to be reduced in one dimension; further details can be found in [16].
The system is then implicitly solved after a discretization in a finite volume fashion until convergence to
the steady-state. The boundary conditions are imposed by means of ghost cells. In the present study an
in-house software [8] for solving reduced NS equations was employed.

2.2. Surface boundary conditions
The present study deals with a non-pyrolyzing ablative surface. Its interaction with the surrounding
gas can be expressed in terms of a mass/energy balance on the infinitesimal volume containing both the
surface and the gas.
The species mass conservation is sketched in fig. 1: chemistry reactions on the surface generate con-
centration gradients, driving species diffusion. Furthermore, differently from catalytic surfaces, ablative
chemical reactions include material removal with consequent surface gas advection (blowing). Assuming

Fig 1. Surface mass balance.

the recession velocity to be negligible compared to the blowing one, the surface mass balance for each
species i, in a 1-D frame, reads:

ω̇i = ρiug + ji, (8)

where the term ug =
∑ns

i=1
ω̇i/ρg is the advection velocity of the gas at the interface as a result of

ablation processes and ji is the diffusion of the species i. The term ω̇i is its chemical production and
can be computed using phenomenological (such as a γ model [17]) or finite rate chemistry models [18].
In this study the γ model was adopted; according to this, defined the number flux of i species impinging
the surface as:

Ni = ni

√
kbTs
2πmi

(9)

the probability that a reaction takes place is:

γi =
Ni,reac

Ni
(10)
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where Ni,reac is the number flux of species subject to the reaction. A value of γ equal to the unit means
that all the species particles are subject to that reaction; when a species is involved in more than a
reaction the sum of all its γ should be at maximum equal to the unity. On the other hand, when γ is
equal to zero, the reaction does not take place. Provided to know the γ law or value, the chemical source
term reads:

ω̇i = γiNimi. (11)

Fig 2. Surface total energy balance.

The surface total energy balance is sketched in fig.2. Assuming steady-state solid conduction[19], it
reads:

ρugh− λT ∂T T

∂n
− λV ∂TV

∂n
+

ns∑
i=1

jihi = Srad, (12)

where the first term on the left side represents the energy advected out from the gas-surface layer, the
sum of the second and the third term is the heat conducted from the gas to the surface and the fourth
the energy diffused in/out. The term on the right side is the energy radiated by the surface treated as a
grey body: Srad = σεs((T Ts )4 − T 4env).
When a multi-temperature model is adopted for the gas-phase, a closure for the vibrational energy is
needed. In the present study three different boundary conditions were investigated. The most intuitive
and conservative one is to constrains the gas-surface layer to be in thermal equilibrium, thus:

TV = T T . (13)

The second one constrains the surface to be vibrationally adiabatic:

∂TV

∂n
= 0. (14)

Fig 3. Surface vibrational energy balance.

The third one considers the vibrational equilibrium on the surface, as sketched in fig. 3. It has to allow
some species to be produced in an internal excited state (they can than diffuse and be advected out from
the gas-surface layer where they can be homogeneously quenched in the gas-phase) and reactants to

HiSST-2022-xxxx
M. Capriati

Page | 4
Copyright ľ 2022 by the author(s)



HiSST: International Conference on High-Speed Vehicle Science & Technology

diffuse inside in an excited state. Both reactants and products should be also able to be heterogeneously
quenched by the surface. The balance reads:

ρughV − λV ∂TV

∂n
+

ns∑
i=1

jih
V
i = SVTs + ScVs . (15)

The first term on the RHS is the relaxation of internally excited particles by collision with the surface
(heterogeneous quenching). It was derived by adapting the volumetric Landau-Teller gas-gas collisions
formulation to gas-surface collisions:

SVTs =

ns∑
i=1

αiNimi(h
V
i (T

V)− hV
i (T

T )). (16)

Where αi is a sensibility parameter that considers that only the αi fraction of collisional events of the
species i leads to a relaxation.
The second term on the RHS is a chemical source term that take into account that not all the reaction
energy is accommodated on the surface. To model it, let us firstly multiplying the surface mass balance
(eq. 8) for the total and vibrational enthalpy of each species and summing it over all the species, it
reads:

ρugh+

ns∑
i=1

jihi =
ns∑
i=1

ω̇ihi

ρughV +

ns∑
i=1

jih
V
i =

ns∑
i=1

ω̇ih
V
i

Plugging them respectively in eq.12 and 15, it follows that:
ns∑
i=1

ω̇ihi − λT ∂T T

∂n
− λV ∂TV

∂n
= Srad,

ns∑
i=1

ω̇ih
V
i − λV ∂TV

∂n
= SVTs + ScVs .

Subtracting the two equations one gets the conservation of the translational energy:
ns∑
i=1

ω̇i(hi − hV
i )− λT ∂T T

∂n
= Srad − SVTs − ScVs . (17)

The first term on the LHS is the reaction energy that is accommodated in the translational mode (qTi ).
We now claim that only a βi part of this energy is actually accommodated on the surface, thus:

βi =
qTi

ω̇i(hi − hV
i )

. (18)

Note that the β coefficient is an adaptation for a 2-temperatures model of the energy accommodation
term defined by [5], and that a (1−β) quota of the heat flux is transferred into the internal energy modes
of the products. The chemical source term reads:

ScVs =

ns∑
i=1

ω̇i(1− βi)(h
V
i − hi). (19)

The α and β parameters relative to each component can be assessed both experimentally (high enthalpy
facilities or beam techniques) and numerically (molecular dynamic simulations or quantum-mechanic
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calculations). Anyway, in this study a phenomenological approach will be proposed, considering the
overall effect of the system. Not having prior information about these parameters, a sensibility analysis
was performed in the range [0, 1] for the α parameter and on the two extreme case for the β parameter
(0 and 1).
The equilibrium condition (eq. 13) can be retrieved if the LHS of eq. 15 minus the chemical term is
negligible compared to the inelastic term, i.e. when there are enough effective collisions (αN ) with the
surface to restore equilibrium.
The adiabatic condition (eq. 14) is the condition for which we expect the surface to be inert to the
vibrational mode. Following this assumption, one can assume no collisions to be efficient (α = 0) and
find the condition for which the vibrational temperature gradient is zero. It follows that:

β∗ =

∑ns
i=1

ω̇ihi∑ns
i=1

ω̇i(hi − hV
i )

. (20)

This is equal to say that the vibrational energy lost due to the reaction is recovered by the (1- β∗) part
of the reaction enthalpy channelized into the internal degree of energy. For a value of β ∈ (β∗, 1] the
vibrational temperature on the surface will be lower than the adiabatic one, for β ∈ [0, β∗) it will be
higher; provided a value of α = 0.
The set of ns + 2 balance equations is solved by means of a Newton method and the surface states (den-
sities, temperatures and advection velocity) is returned to the CFD at each iteration until convergence
to steady-state.

3. Simulation input
The model was tested on an experimental campaign conducted in the Plasmatron facility to study low
pressure nitridation (1500 Pa). The surface temperature was measured by means of a calorimeter, the
recession rate by means of a high-speed camera and the temperatures in the BL with a spectrometer. Four
different cases were analyzed, whose relative input conditions at the inlet, as well as the experimental
surface temperature and blowing mass flux, are listed in table 1. The mixture considered is a carbon-

Table 1. Simulation input (free stream temperature T and velocity u, surface temperature Ts and mass
blowing rate ṁ), and experimental results.

CASE T T = TV [K] u [m/s] Ts ṁ[g/m2s]

1 10010 1410 2225 [1.60,4.40]
2 10280 1570 2410 [1.92,3.85]
3 11040 1880 2535 [3.61,5.22]
4 10970 1915 2575 [3.70,5.43]

nitrogen one whose molar fractions at the inlet where find imposing chemical equilibrium. The gas-phase
chemical reactions were computed according to the rates in [20].
The ablative surface was modeled by imposing the γ law suggested by [21]:

γCN = 7.91 · 10−2 exp
(
− 5653

Ts
)

(21)

A 1-D mesh of 730 points generated using a hyper-tangent function with a stretching factor equal to five
was used. The mesh convergence was assessed by increasing of an order of magnitude the wall resolution,
and stating that the wall heat flux remained almost unchanged.

4. Simulation results
4.1. Equilibrium and adiabatic condition
In this section the results relative to the equilibrium and adiabatic condition at the surface are presented.
When the equilibrium boundary condition (eq. 13) is applied, the translational temperature relaxes
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within the thermal boundary layer (fig. 4a, solid line, circle marks) to the surface value predicted by the
energy balance; for each case, the value is given on table 2. Being the surface vibrational temperature
constrained to be equal to the translational one, it also relaxes within the thermal boundary layer (fig. 4a,
dashed line, circle marks), mostly because of gas-phase vibrational heat conduction.
Such a relaxation is absent when the equilibrium constrain is removed. In fact, when the adiabatic
boundary condition (eq. 14) is used, internal modes do not undergo any significant relaxation within
the boundary layer. The vibrational temperature has firstly a downward trend (fig. 4a, dashed line,
diamonds marks): it is a consequence of the vibrational energy lost by electrons collisions with heavy
species (ΩET ). Going toward the surface this effect is smoothed out by the fact that electrons start
to recombine with N+ ions (fig. 4b, dashed line), enhancing nitrogen electronic state and reducing the
number of collisions between electrons and heavy species (ΩI). As a consequence, atomic nitrogen diffuses
inside the boundary layer in electronic excited state. The two behaviours can be more easily appreciated
by looking at fig. 5, where each species enthalpy contribute to the overall energy is shown separately. No
substantial difference is observed for the species molar fraction evolution in the boundary layer (fig. 4b).
The most remarkable difference is the CN value, due to a different surface temperature involved in the
gamma computation, which directly affects CN production.

(a) Translational temperature in solid lines. Vibra-
tional temperature in dashed lines. Upper error bar
relative to experimental measure of vibrational temper-
ature, lower of translational.

(b) CN molar fraction with solid lines. N+ molar frac-
tion with dashed lines.

Fig 4. CASE 2, results along the stagnation line. Surface in thermal equilibrium BC with circle marker.
Surface vibrationally adiabatic with diamond markers.

Simulation surface results can be found on table 2. On the same table is also provided the temperature
relative error, defined as:

εs =
T Ts − T Ts,exp

T Ts,exp
.

It can be seen that the surface temperature is over-predicted when an equilibrium condition is employed,
whereas the error is significantly reduced in the adiabatic case. The internal energy freezing following
the use of the adiabatic condition is also in agreement with the experimentally accessed vibrational
temperature within the BL, indicated with error bars in fig. 4a. The mass blowing rate is within the
experimental uncertainty in both the case, being less for the adiabatic condition as a consequence of the
lower surface temperature.
It follows that the surface vibrationally adiabatic BC better captures both the surface and the gas-phase
features of the experimental campaign.
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Fig 5. CASE 2, species mode enthalpy in the boundary layer.

Table 2. Surface numerical results relative to the equilibrium and adiabatic BC.

CASE T T
equi[K] T T

adi[K] ṁequi[g/m2s] ṁadi[g/m
2s] εequi [%] εadi[%]

1 2440 2300 3.40 3.10 9.7 3.4
2 2530 2385 3.69 3.40 5.0 -1.0
3 2750 2575 4.29 4.00 8.5 1.6
4 2740 2571 4.30 4.05 6.4 -0.1

4.2. Sensitivity analysis on α and β parameters
In this section the results relative to the sensibility analysis performed over the α and β parameters of
eq. 15 are discussed for the CASE 2, but the conclusions remain valid for all the other cases.
The translation and the vibrational temperature profile along the stagnation line for a value of β = 1 and
α in [0,1] are respectively plotted in fig. 6 and fig. 7. As one could expect, these profiles are within the
two above-discussed extreme cases. As before, the vibrational mode is the one affected the most: as α
decreases the non-equilibrium is enhanced and for α = 0 a condition close to the adiabatic one is achieved,
restoring its already discussed non-equilibrium features. The evolution of the surface temperatures and

Fig 6. CASE 2, BL translational temperature dis-
tribution as function of α given β = 1.

Fig 7. CASE 2, BL vibrational temperature dis-
tribution as function of α given β = 1.
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of the mass blowing rate for α in [0,1] and for β equal to zero and one are respectively plotted in fig. 8 and
fig. 9. The translational surface temperature decreases as α decreases and the vibrational temperature
increases. This behaviour reaches a plateau for α around 10−3 and further reductions of α does not
lead to any appreciable change in surface temperatures. The incomplete reaction energy accommodation
effect is smoothed by heterogeneous quenching, and becomes more important as α decreases. Overall
the boundary condition affects the translation temperature as much as 150K and the vibrational one
as 5000K. It should also be remarked that even in the most favourable case, α = 1 and β = 1, a
thermal equilibrium condition cannot be obtained. Finally, the dependence of the mass blowing rate
with respect to α and β parameters is plotted in fig. 9; also in this case its change is mostly due to
change of surface temperature in the gamma computation and that the predicted values are inside the
experimental uncertainty.

Fig 8. CASE 2. Surface translational and vi-
brational temperature as function of α respectively
with continuous and dashed line. β = 1 with cir-
cles, β = 0 with diamond.

Fig 9. CASE 2. Surface blowing rate as function
of α respectively with continuous and dashed line.
β = 1 with cyrcles, β = 0 with diamond.

5. Conclusion
In this work, we investigated several assumptions for the closure of the vibration energy equation at the
surface, namely surface in thermal equilibrium, surface vibrationally adiabatic and a novel vibrational
energy balance. In the studied conditions, it was shown that an adiabatic closure can drastically reduce
the error on the surface temperature prediction, suggesting that the gas-surface layer can be in thermal
non-equilibrium. The source of this strong non-equilibrium was identified to be the diffusion of electron-
ically excited atomic nitrogen inside the boundary layer. We also derived a vibrational energy surface
balance and we conducted a sensitivity analysis on its parameters to access the impact on the surface
temperatures prediction.
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