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ABSTRACT

During the (re-)entry phase of a space vehicle, the gas
flow in the shock layer can be in a state of strong thermal
non-equilibrium. Under these circumstances, the pop-
ulation of the internal energy levels of the atoms and
molecules of the gas deviates from the Boltzmann dis-
tribution. A substantial increase of the heat flux trans-
ferred from the gas to the vehicle is possible, as the
thermal protection system of the vehicle acts as a cat-
alyzer. The objective of the paper is to show how ther-
mal non-equilibrium and catalysis can jointly influence
wall heat flux predictions. In order to study thermal non-
equilibrium effects a coarse-grained State-to-State model
for nitrogen is used coupled with a phenomenological
model for catalysis. From the numerical simulations per-
formed, an important effect on the heat flux has been ob-
served due to the interaction of catalysis and thermal non-
equilibrium at the wall.

Key words: catalysis, gamma model, state-to-state mod-
els, thermal non-equilibrium, accommodation coeffi-
cient, stagnation line.

1. INTRODUCTION

The design of the thermal protection system for a space-
ship during an atmospheric entry is a very challenging
task due to the multi-physics phenomena occurring in the
shock layer of the space vehicle [1]. These phenomena
include strong deviation from thermochemical equilib-
rium [22], radiative heating [17] and gas-surface inter-
action (catalysis and ablation) between the vehicle’s sur-
face and the surrounding gas [6]. These phenomena are
strongly coupled between each other and this makes the
prediction of the flow-field properties very difficult. Cur-
rently, most researchers try to deal with each of these phe-
nomena separately or with simplified coupling strategies.

For a relevant fraction of the re-entry trajectory the flow-
field behind the shock wave and in the boundary layer is
in a state of thermal non-equilibrium; the populations of
the internal energy levels of atoms and molecules devi-
ates from the Boltzmann distribution. A substantial in-
crease in the heat flux can observed as the catalycity of
the wall of a re-entry vehicle increases with wall tempera-
ture [5, 26]. Currently, most of the simulations performed
by the community assume thermal equilibrium in the flow
field. The objective of this contribution is to study the
joint effect of thermal non-equilibrium and catalysis on
the predicted heat flux.

2. PHYSICAL MODEL

Thermal non-equilibrium is studied with a state-to-state
rovibrational specific nitrogen model developed by the
NASA Ames Research Center [12]. The model can
simulate flows that depart from Boltzmann equilibrium,
like strongly compressing, expanding and boundary layer
flows [21]. Each internal energy level is assumed to be a
distinct pseudo species. Chemical reactions are the mech-
anisms responsible for transforming one of these pseudo
species to another one. Even though state-to-state models
are more accurate than multi-temperature ones, they lead
to a drastic increase of the computational cost. A possible
strategy to reduce the the computational cost is presented
in the paper.

2.1. Energy Levels

The nitrogen model has 9390 different rovibrational lev-
els, which can be split into two categories, bound (B)
and predissociated (P). The bound levels are the levels
whose total energy is less than the dissociation energy
(9.75eV ) of nitrogen molecule in its electronic ground
state. The predissociated levels are the levels whose en-
ergy is higher than the dissociation energy relative to the



first rovibrational energy, but lower than the rotational de-
pendent centrifugal barrier [12].
A simulation with all the 9390 different levels would have
a huge computational cost. In order to reduce the compu-
tational cost coarse-grained models are developed. The
reduction strategy that chosen for this project is the Uni-
form Rovibrational Collisional bin model (URVC) [16].
The rovibrational energy levels are sorted in an increas-
ing energy levels ladder. Then, this ladder is divided into
two parts, the first one containing only the bound levels
and the second one only the predissociated levels. Lastly,
each of these two regions is divided with equal energy
spacing:

∆EB =
2EfN
NB

, ∆EP =
Emax − 2EfN

NP
(1)

where EfN is the formation energy of N and Emax the
energy of the last energy level of N2. NB and NP are
the number of bound and predissociated bins, which can
be chosen freely. The higher their number the better is
the fidelity of the model. Here we have chosen NB = 7
and NP = 3. A sensitivity analysis has been performed
in [18] and it was shown that no big effect on the heat
flux was observed going from 10 bins to 100 bins. The
population distribution, nl, of the energy levels contained
in each bin is chosen to be uniform:

nl =
gl
∑
i ni∑
i gi

(2)

where gi is the degeneracy of level i and ni its popula-
tion. The number density nk of each bin is

∑
l nl; its

degeneracy gk is
∑
l gl. The average energy of bin k is

equal to:

Ēk =
1∑
l gl

∑
i

giEi (3)

where Ei is the internal energy of the ith level. Al-
ternative strategies of model reduction can be found
in [15, 18]. The advantages of the URVC model are the
simple implementation, the fact that the average energy
of the bins is not a function of the thermodynamic state
and good quality of the results, especially at high tem-
peratures. A non equal energy spacing for the bins might
also improve the quality at lower temperatures. The main
disadvantage of this model is that it cannot reach Boltz-
mann equilibrium at a fine-grain level.
As a post processing result an internal temperature (Tint)
has been defined by solving the following equation:∑

k nkĒk
nN2

=

∑
k Ēkgk exp(Ēk/kBTint)∑
k gk exp(Ēk/kBTint)

(4)

Physically, it represents the temperature that would exist
in the flow field if the internal energy levels of N2 were
populated in a Boltzmann way, with the mixture having
the same amount of internal energy.

2.2. Reaction Mechanism

In a (N(1Su) − N2(1Σ+
g )) mixture two kind of interac-

tions can exist. The first one is the collision between ni-

trogen atoms and molecules, the second one the collision
between nitrogen molecules. In the present model only
the first category of collisions has been considered. The
second one has not been taken into account because only
a portion of all the possible transitions rates are currently
available [20].
Spontaneous dissociation was also assumed to be negli-
gible [18]. The total number of reactions that are needed
to describe the possible transitions from one rovibrational
level to any other or to dissociated nitrogen, with the third
body being a nitrogen atom, is of the order of 2 · 107.
The reactions belong to two different categories, the third
body dissociation reaction and the inelastic transitions re-
action between rovibrational levels:

N2(l) +N
kdisl−−−⇀↽−−−
krecl

N +N +N (5)

N2(l) +N
kin
l→l′−−−⇀↽−−−
kin
l′→l

N2(l′) +N (6)

The forward reaction rates are computed with the quasi-
classical trajectory (QCT) method, using potentials cal-
culated from ab-initio quantum mechanics computa-
tions [12]. The backward reaction rates are computed
with the microreversibility principle.
For the URVC bin model the same reaction categories ap-
ply, but on each single bin. The forward reaction rates of
bin k are obtained from the formulas:

kdisk =
1

gk

∑
l

glk
dis
l kink→k′ =

1

gk

∑
k,l

glk
in
l→l′ (7)

The backward reaction rates are not connected through
the micro-reversibility principle to the forward ones; they
are computed using the equilibrium constant which is ob-
tained by minimizing the Gibbs free energy of the bins.
In this way equilibrium is obtained at a bin level. In or-
der to correctly compute the minimum Gibbs free energy,
even without electronic energy, the degeneracy of the first
electronic level ofN is required, that for the state-to-state
model is equal to 12.

3. GOVERNING EQUATIONS

The dynamical evolution of the bins is governed by the
Navier-Stokes equations:

∂ρi
∂t +∇ · (ρiu + ji) = ω̇i, (8)

∂ρu
∂t +∇ · (ρu⊗ u + pI + τ) = 0, (9)
∂ρE
∂t +∇ · (ρuH + τu + q) = 0. (10)

ρi is the partial density of bin i, ρu and ρE are momen-
tum and total energy of the whole mixture. ji is the dif-
fusion flux and ω̇i is the chemical production/destruction
term of bin i. The identity matrix is symbolized with I , p
is the mixture pressure, τ is the stress tensor and q is the
heat flux. If Eqs. 8 are summed up over all the species



in the mixture, the total continuity equation will be ob-
tained, since

∑
i ρi = ρ. For the state-to-state approach,

one distinct continuity equation for each bin is solved.
Each bin is supposed to behave as a perfect gas.

3.1. Transport Properties

In order to close the Navier-Stokes equations (Sec. 3) that
govern the bins dynamic, expressions for diffusion flux,
stress tensor and heat flux should be obtained. The trans-
port properties are computed using the Mutation++ li-
brary, developed by Scoggins and Magin [24] at the von
Karman Institute for Fluid Dynamics. In the computa-
tion of the transport properties it is assumed that the elas-
tic collisions cross sections are the same for all internal
quantum states and inelastic collisions have no influence.
The diffusion flux is computed with the Stefan-Maxwell
equations (there is one of these equations for each bin):

M

ρ

∑
k

(
xijk
MkDik

− xkji
MiDik

)
= ∇xi (11)

where ∇xi is mole fraction gradient of bin i. Dik is the
binary diffusion coefficient.
Stress tensor reads classically:

τ = −µ[∇u + (∇u)T − 2

3
∇ · uI], (12)

where µ is the shear viscosity.
Heat flux reads:

q = −λ∇T +
∑
i

hiji (13)

where λ is the thermal conductivity associated with the
translational temperature T of the gas species and the sec-
ond term is the diffusive heat flux, which will be referred
as qdiff .

3.2. Numerical solution

The above formulation has still a high computational
cost because of the subdivision into bins. For this rea-
son a special formulation of the Navier-Stokes equa-
tions, called dimensionally reduced Navier-Stokes equa-
tions (DRNSE) [13], that simulates the flow field only on
the stagnation line of the re-entry vehicle is solved. The
Navier-Stokes equations are written in spherical (r, θ, φ)
coordinates. The flow is assumed to be axisymmetric and
therefore uφ = 0 and ∂/∂φ = 0. The symmetry of the
flow implies that ur, p, T and ρi are symmetric (cosine)
with respect to the stagnation line axis (located at θ = 0)
and uθ is antisymmetric (sine) with respect to it. Fur-
thermore, the Newtonian theory for pressure distribution
of hypersonic flows is assumed. Finally, by taking the
limit of θ → 0 the DRNSE equations [13] are obtained.
The DRNSE system of equations is solved using the fi-
nite volume method in space, with an implicit Backward
Euler method in time [11]. Detailed information about
the numerical method can be found in [18].

4. CATALYTIC WALL

The surface of the thermal protection system can act as a
catalyzer with respect to the gas mixture chemical species
that impinge on it. If this is the case, the recombination of
dissociated species is promoted and the chemical energy
released increases the heat load of the vehicle. In order
to model this phenomenon, a correct boundary condition
should be imposed at the wall surface for the mixture’s
chemical species. For a catalytic wall at a steady state,
the mass of each species produced or destroyed by sur-
face reactions should be equal to the diffusion flux of the
species at the wall. Hence:

ji · nw = ẇi,cat (14)

where nw is the unit vector normal to the surface and
ẇi,cat is the mass of species i produced or destroyed per
unit of area and unit time. The right hand side is modeled
using a phenomenological approach, the γ model, widely
used in the aero-thermodynamics community [4, 7]. The
recombination probability γi is defined as:

γi =
Mi,rec

M↓i
, (15)

where M↓i is the flux of species i impinging the surface
and Mi,rec is the flux of species recombining at the sur-
face. A fully catalytic wall has γi equal to 1, which means
that all the particles of species i impinging the surface re-
combine at the wall. γi equal to 0 means that no reac-
tion takes place and corresponds to a non-catalytic wall.
Anything between these two extreme cases is a partially
catalytic wall. Knowing the probability γi, the right hand
side of Eq. 14 is equal to [4]:

ẇi,cat = γimiM
↓
i (16)

When the translational energy modes of gas species close
to the wall have a Maxwellian distribution function and
there is no temperature slip, the impinging flux, M↓i , is
equal to [4]:

M↓i = ni

√
kTw
2πmi

(17)

where Tw is the wall temperature. For the state-to-state
model specific wall recombination reactions are consid-
ered for every different rovibrational bin, each one with
their own recombination probabilities γi:

N +N
γi−→ N2(i). (18)

Since in literature there are no available values for γi,
three cases are considered. In the first case γi is assumed
to be equal for every bin. γi is obtained by dividing a
global recombination probability γ by the number of bins
considered in the model. For this contribution, γ = 0.01
and because we consider 10 bins γi = 0.001. This case
will be referred as the equiprobable catalytic case. In the
second case, it is assumed that recombination occurs only
in the lower energy bin, which means that γi=1 = 0.01



and the others are equal to 0. This case is called the lower
catalytic case. In the third case recombination occurs
only to the highest energy bin. This will be the upper
catalytic case.
As a concluding remark, it should be mentioned that the
purpose of the paper was not to find a rigorous value for
recombination probabilities. The aim was to check how
the heat flux is affected in each case. In the future, there
are plans to extract from a finite rate chemistry and a
dynamical Monte Carlo approach more accurate recom-
bination probabilities γi and couple them with the bin
model [8, 25, 9].

4.1. Accommodation Coefficient

The recombination of atoms at the surface releases their
chemical energy. Nonetheless, not all of this energy
should transferred to the surface. Some of it may be saved
within the created molecule as internal energy (rotational,
vibrational or electronic). One of the aims of using state-
to-state models for catalysis is to determine how much
of this energy is released to the wall and how much is
saved as energy of the molecules. A suitable parameter,
the chemical energy accommodation coefficient β, is in-
troduced [10]:

β =
qdiff∑

i ω̇i,cat∆Hi,R(Twall)
, (19)

where qdiff is the diffusive heat flux and ∆Hi,R(Twall)
is energy released by the recombination reaction that in-
volves bin i at thermal equilibrium. The β coefficient is
non-dimensional and can take values between 0 and 1.
β = 0 means that none of the energy released during
the catalytic recombination is transferred to the wall and
β = 1 means the opposite.
Researchers often use the product of β and γ coefficients
defining an overall effective catalytic probability, γeff , in
order to characterize the catalytic efficiency derived from
experiments [5]. In this paper the chemical energy ac-
commodation coefficient is explicitly determined. Simi-
lar approaches for the determination of the accommoda-
tion coefficient can be found in [3].

5. RESULTS

The flow on the stagnation line around a spherical blunt
body of radius r = 0.4m is studied. The free stream
pressure is equal to p∞ = 44Pa, the temperature is
T = 300K and the free stream velocity is equal to
10000m/s (M = 28.33). Because, only N2 − N colli-
sions are considered, the free stream is seeded with 2.8%
per mole of atomic nitrogen. The wall is considered in
equilibrium with temperature equal to 2000K. This tem-
perature is relatively high for catalytic studies, nonethe-
less it has has been chosen for validation purposes in or-
der to have a test case consistent previous ones [18, 19].
In Fig. 1 the temperature profiles for the non-catalytic
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Figure 1. State-to-state simulations for N in for the non-
catalytic case. Temperature profile along the stagna-
tion line. (unbroken line): Translational temperature;
(dashed line): Internal temperature.

case along the stagnation line are presented; translational
and the internal (see Eq. 4) temperatures are shown. The
free stream is not in thermal equilibrium, because at low
temperatures the URVC model stores an excess of energy
in the first bin; this effect fades away once the tempera-
ture increases. An area of strong thermal non-equilibrium
is observed across the shock wave. At a distance of
x = 0.02m from the wall the two temperatures becomes
practically equal. The two temperature are very close to
each other inside the boundary layer, except at the wall
x = 0m.
The internal energy bins population inside the boundary
layer, close to the wall, is plotted in Figs. 2 and 3 in terms
of their molar fractions divided by the bin degeneracy.
In Fig. 2-top the non-catalytic case is shown. Inside the
boundary layer, up to a distance from the wall equal to
x = 4 · 10−4m, the energy levels have a Boltzmann
distribution, as it is seen by the straight line in the log-
arithmic plot, which changes its slope because of the de-
crease in temperature due to the influence of the wall. At
x = 2 · 10−4m the Boltzmann character starts to be lost;
the non predissociated higher energy states get more and
more populated, while the predissociated states are de-
pleted. This effect is maximized at the wall.
Fig. 2-bottom shows the distribution of internal energy

bins for the lower catalytic case. The behaviour is similar
to the non-catalytic case, except that the first bin is over-
populated, because the wall promotes recombination of
nitrogen atoms into molecules belonging to the first bin.
Fig. 3 shows the distribution of the internal energy bin
for the, equiprobable (top) and upper catalytic (bottom)
cases. The two cases show a similar trend. Up to a dis-
tance of the order of x = 2 · 10−4m from the wall the
levels are populated with a Boltzmann distribution. Very
close to the wall the Boltzmann distribution does not hold
any more and the higher energy bins are overpopulated in
both cases; catalysis promotes thermal non-equilibrium
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Figure 2. Distribution of the internal energy bins close to
the surface for the non-catalytic (top) and lower (bottom)
case. (x: x = 0m; o: x = 2·10−4m; +: x = 4·10−4m;
diamond: x = 6 · 10−4m; square: x = 8 · 10−4m).

at the wall. For the sake of comparison the distributions
of energy bins at the wall, for all the four cases, are plot-
ted together in Fig. 4.

Fig. 5 depicts the molar fraction of N along the stag-
nation line for the four cases. In the non-catalytic case
(unbroken line) the recombination is due only to the re-
combination reactions in the gas phase. The recombina-
tion predicted by the present model is lower compared
to the one predicted by the Park model [18, 23]. In the
lower catalytic case (dotted-dashed line) the nitrogen mo-
lar fraction is further reduced because of wall recombina-
tion. This does not happen for the equiprobable and up-
per catalytic cases, where the populations of the N atoms
are higher. This is mainly due to two combined effects.
First of all, it can be seen in Fig. 5 that the boundary
layer is less thick in the equal and upper catalytic cases.
This leads to a reduced recombination, because of the less
time available for the reactions. Secondly, since in these
two cases nitrogen molecules are preferentially formed
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Figure 3. Distribution of the internal energy bins close to
the surface for the equiprobable (top) and upper (bottom)
catalytic case. (x: x = 0m; o: x = 2 · 10−4m; +:
x = 4 · 10−4m; diamond: x = 6 · 10−4m; square:
x = 8 · 10−4m).

in high vibrational states, they are much more likely to
dissociate after desorption and to release their internal
energy into translational one, a phenomenon known as
quenching. This effect can be inferred from the temper-
ature profiles inside the boundary layer. Fig. 6 shows
the translational and internal temperature profiles in the
boundary layer for the four cases. The profiles of the
non-catalytic and lower catalytic cases are very similar
and the same happens for the equally and fully catalytic
case. The translational temperature gradient increases
going from non-catalytic to the upper catalytic case, be-
cause highly excited desorbed molecules transfer their in-
ternal energy to translational one. In Fig. 6-bottom the in-
ternal temperatures of the flow field are presented. In the
non-catalytic case the internal temperature at the wall is
equal to 2252K which is higher than the imposed trans-
lational temperature. Therefore, the assumption of ther-
mal equilibrium at the wall is not valid and this effect
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Figure 4. Comparison of distributions of internal energy
bins for the four catalytic cases. x: Non-catalytic case;
+: Lower catalytic case; o: Equiprobable catalytic case;
square: Upper catalytic case.

should be taken into consideration in multi-temperature
simulations. As the wall catalycity increases the internal
temperature increases too and it reaches the highest value
of 4384K for the upper catalytic case. These results are
consistent with similar ones available in literature [18].

Heat fluxes are shown in Tab. 1. The wall heat flux
for the non-catalytic case is 3.02MW/m2; the diffusive
heat flux contribution is zero since it is a non-catalytic
wall. In the catalytic cases heat flux is the sum of the
conductive contribution qcon = −λ∇T and the diffu-
sive one qcon =

∑
i hi. For the lower catalytic case the

conductive heat flux increase due to the increase in the
slope of the temperature. The diffusive heat flux is also
high and of the order of magnitude of the conductive heat
flux. As we impose equiprobable recombination or re-
combination to the upper energy bin the heat flux greatly
increases due mainly to the contribution of the conduc-
tive heat flux. The diffusive heat flux though decreases,
because, as already mentioned in the comments to Fig. 5,
there is little net recombination of nitrogen atoms. The
results shown in this paragraph for our nitrogen state-to-
state model agree qualitatively with the ones obtained for
a vibrational specific oxygen model in [2, 14].

The values of the β coefficient computed accordingly to
Eq. 19 are shown in Tab. 2. In the non-catalytic case the
β coefficient cannot be defined. In the catalytic cases, as

Table 1. Heat flux [MW/m2] for the URVC bin model.

qtotal qcon qdiff

Non-catalytic 3.02 3.02 −
Lower catalytic 7.48 3.85 3.63
Equal catalytic 17.58 15.07 2.51
Upper catalytic 15.3 14.87 0.43
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Figure 5. Comparison of N molar fraction for the four
cases. unbroken line: Non-catalytic case; dotted-
dashed line: Lower catalytic case; dashed line:
Equiprobable catalytic case; dotted line: Upper cat-
alytic case.

already explained, β can take values between 0 and 1. In
the lower catalytic case only a small part of the recom-
bination energy is transferred to the internal energy of
the desorbed N2 molecule. Most of the energy is there-
fore transferred to the surface and for this reason we have
β = 0.9325, very close to one. This is the maximum
value attained by the β coefficient. In the upper catalytic
case, where all of the N atoms recombine into the high-
est energy bin of N2, the β coefficient is equal to 0.1005
meaning that very small part of the recombination energy
is directly transferred to the wall. The equiprobable cat-
alytic case stays in between with β = 0.5757. In the
last two cases, even though only a small part of the re-
combination energy is directly transferred to the surface,
the heat flux increases substantially, because the quench-
ing phenomenon enhances the conductive part of the heat
flux. Therefore, even though the β coefficient has an in-
teresting physical meaning, it cannot be used as an accu-
rate indicator for the total heat flux transferred to the wall,
but only as an indicator of the diffusive (reactive) portion
of heat flux directly transferred to the wall.

Table 2. β coefficient and Tint [K] for the URVC bin
model

β Tint

Non-catalytic − 2252
Lower catalytic 0.9325 2159
Equal catalytic 0.5757 3917
Upper catalytic 0.1005 4834
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Figure 6. Comparison of the translational and internal
temperature profiles for the four cases. (unbroken line):
Non-catalytic case; (dotted-dashed line): Lower cat-
alytic case; (dashed line): Equiprobable catalytic case;
(dotted line): Upper catalytic case.

6. CONCLUSIONS

In this paper the joint effects of thermal non-equilibrium
and catalysis have been studied on the stagnation line
flow field of a re-entry body. The Uniform Rovibrational
Collisional coarse-grained model of nitrogen has been
used. The coarse-grained model is based on an ab-initio
rovibrational nitrogen model developed at NASA Ames
research center. The gamma model has been used in order
to simulate the catalytic properties of the re-entry body
thermal protection system and it has been extended in or-
der to account for the rovibrational model. The flow field
has been modeled by solving the Navier-Stokes equations
using an implicit Finite Volume method.
Heat flux is strongly affected by the mutual interaction of
catalysis and thermal non-equilibrium. The diffusive heat
flux decrease when catalysis acts only on the higher en-

ergy levels, with a specular decrease of the β coefficient.
Nonetheless the conductive heat flux is strongly enhanced
by the quenching phenomenon, leading, in the end, to a
net increase of the overall heat flux. These results are in
agreement with previous literature data.
As a future work, the Boltzmann rovibrational collisional
model can be used in order to remove some of the weak
points of the Uniform rovibrational collisional model.
N2 − N2 collisions should also be included, as well as
electronic energy levels beyond the ground one. Ex-
tension to a full air mixture including the O2 and NO
molecules would be also of interest, making the compari-
son to experimental results easier. As far as the treatment
of the wall is concerned, treating catalysis with a microki-
netic model is in view. The latter model can be coupled
directly with a flow solver or used as a test bench for ob-
taining more accurate values for the catalytic recombina-
tion probability γ. Validation of the results is also nec-
essary by comparing the simulations with experimental
results on catalysis, performed at von Karman Institute
or by other experimental teams.
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