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Rovibrational internal energy excitation and
dissociation of nitrogen in hypersonic flows
By M. Panesi†, T. E. Magin‡, A. Munafó‡, A. Bourdon¶, R. Jaffe
A N D D. W. Schwenke
A rovibrational collisional model is developed to study the internal energy excitation
and dissociation processes behind a strong shockwave in a nitrogen flow. The reaction
rate coefficients are obtained from the ab initio database of NASA Ames Research Center. The master equation is coupled with a one-dimensional flow solver. The system of
equations is solved for conditions expected for reentry into Earth’s atmosphere at 10
km/s. In addition, a coarse graining model is proposed by lumping the rovibrational
energy levels into a smaller number of bins. The results obtained by means of the full
rovibrational collisional model are compared to those obtained by means of a vibrational
collisional model. Thermalization and dissociation occurs after a larger distance for the
rovibrational collisional model compared to the distance predicted by means of the vibrational collisional model. This is expected to be the consequence of the assumption
of equilibrium between the rotational energy and the translational energy, used for the
vibrational collisional model, as opposed to the rovibrational collisional model. Finally,
the coarse graining model allows an accurate description of the internal energy relaxation
and dissociation processes based on a reduced number of equations.

1. Introduction
Prediction of the radiative heat flux to the surface of a spacecraft entering a planetary
atmosphere strongly depends on the completeness and accuracy of the physical model
used to describe the nonequilibrium phenomena in the flow. During an atmospheric entry,
the translational energy of the fluid particles drastically rises through a shock. Depending
on the intensity of the shock, different physico-chemical processes may take place, such
as excitation of the internal energy modes, dissociation of the molecules, ionization of
the atoms and molecules. These nonequilibrium phenomena are strongly coupled to each
other. For re-entry velocities >10 km/s, a significant portion of the heating experienced
by the heat shield can be due to radiation and is highly influenced by the shape of the
internal energy distribution function. Understanding thermo-chemical nonequilibrium effects is also important for a correct interpretation of experimental measurements in flight
and in ground wind-tunnels. Concentration of the gas species and distribution of their
internal energy level populations can be estimated by means of either multi-temperature
models (Park 1990) or collisional radiative models (Panesi et al. 2009). Collisional radiative models take into account all relevant collisional and radiative mechanisms between
the internal energy levels of the different species in the flow. They constitute a valid alternative to the multi-temperature models since they exhibit a wider range of applicability.
This work is at the interface between computational chemistry and computational fluid
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dynamics and aims at developing new models based on microscopic theory and applying them to macroscopic scale. We have recently used the database developed at NASA
Ames Research Center to derive a 1D Vibrational Collisional (VC) model and to simulate a shock in a nitrogen flow (Bourdon et al. 2008; Magin et al. 2009). This model, so
far only collisional, is the first component of a larger model for air that will eventually
include radiation. In the present work, we propose to relax the assumption of MaxwellBoltzmann distribution for the rotational energy levels by developing a RoVibrational
Collisional (RVC) model coupled with a flow solver. First, the full master equation is
used. Then, the energy levels are lumped into bins as a function of their global internal energy, independently of their vibrational and rotational contributions, based on a
uniform distribution of the levels within a bin. Both collisional models are used for the
simulation of a shock in a nitrogen flow. The collisional conditions are carefully selected
to stay in the validity range of a simplified mechanism for the N2 + N system comprising
dissociation and VT relaxation. We study the convergence of the number of bins for
the bin populations, using the solution based on the full master equation as a reference.
Finally, we compare the results obtained by means of the rovibrational collisional model
to the previously developed VC model.

2. NASA Ames database
The NASA Ames database (Schwenke 2008; Jaffe et al. 2009, 2010) comprises 9390
(v, J) rovibrational levels for the electronic ground-state of nitrogen, where index v stands
for the vibrational quantum number, and index J, the rotational quantum number. These
levels can also be denoted by means of a global index i, sorting them, in this work, by
increasing value of energy. The relation between the i and (v, J) notations is expressed
as
i = i(v, J),

v = 0, . . . , vmax ,

J = 0, . . . , Jmax (v).

Conversely, the relation between the (v, J) and i notations is given by the relations
v = v(i),

J = J(i),

i ∈ IBP ,

where IBP is the set of global indices for the nitrogen energy levels. Most of these levels are
truly bound, i.e., their energy is lower than the dissociation energy relative to the level
(v = 0, J = 0), equal to 9.75 eV for the electronic ground-state of nitrogen, while some
of the energy levels are predissociated, i.e., their energy is higher than the dissociation
energy relative to the level (v = 0, J = 0). The bound energy levels are denoted by the
set IB , and the predissociated energy levels by the set IP . The set for all the levels is then
given by IBP = IB ∪ IP . The database for the N2 + N system comprises more than 23
million reactions, for dissociation of truly bound states and predissociated states,
kiDf
N2 (i) + N ⇀
↽ N + N + N,
kiDb

i ∈ IBP ,

for predissociation of the predissociated states,
kiP f
N2 (i) ⇀
↽ N + N,
kiP b

i ∈ IP ,
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and for excitation between all states
E
kij
N2 (i) + N ⇀
↽ N2 (j) + N,
E
kji

i, j ∈ IBP ,
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j > i.

E
The direct reaction rate coefficients kiDf , kiP f , and kij
, j > i, are obtained based on
the reaction cross-sections for nine values of the gas translational temperature (T =7500;
10,000; 12,500; 15,000; 20,000; 25,000; 30,000; 40,000; and 50,000 K). The reverse reaction
E
rate coefficients kiDb , kiP b , and kij
, j < i, are computed based on microreversibility, using
only endothermic rate coefficients, although some exothermic rates were also available

kiDb (T ) = kiDf (T )
kiP b (T ) = kiP f (T )
E
E
kji
(T ) = kij
(T )

N)
)
gi QtN2 (T ) exp( −(EkiB−2E
T

[gN QtN (T )]2
N)
)
gi QtN2 (T ) exp( −(EkiB−2E
T

gi exp(

[gN QtN (T )]2
−(Ei −Ej )
)
kB T

gj

,

,

i ∈ IBP ,

,

i ∈ IP ,

i, j ∈ IBP ,

(2.1)
j > i,

j > i,

(2.2)
(2.3)

where quantity Ei stands for the energy of level i and gi , its degeneracy. The translational
partition functions are defined as
3/2
3/2


2πkB mN T
2πkB mN2 T
t
,
Q
(T
)
=
,
(2.4)
QtN2 (T ) =
N
h2P
h2P
where symbol kB stands for Boltzmann’s constant, and hP , Planck’s constant. The nitrogen atom degeneracy is gN = 12 (nuclear and electronic spin contributions).

3. Rovibrational collisional models
Assuming that the flow is steady, the momentum conservation equations reads
d
(ṁu + p) = 0,
(3.1)
dx
where quantity ṁ = ρu stands for the mass flux; ρ, the mixture mass density; u, the
flow velocity; and p, the mixture pressure. The mass density is computed based on the
relation ρ = nN2 mN2 + nN mN , where quantity nN2 is the molecular nitrogen number
density, and nN , the atomic nitrogen number density. The global enthalpy conservation
equation is given by
d
(ṁH) = 0,
(3.2)
dx
where the total enthalpy is denoted by H = 12 u2 + E t + p/ρ + E int , with the internal
energy, E int , and the translational energy E t = 32 (nN2 +nN )kB T /ρ. The mixture pressure
is computed by means of the relation p = 23 ρE t , and the internal energy, by means of the
int
+ mN nN EN . Two different RVC models are presented in
expression ρE int = mN2 nN2 EN
2
this section. First, the full master equation for the energy levels i ∈ IBP is coupled with
a flow solver. Then, an alternative approach is lumping the energy levels into bins as a
function of their global internal energy, independently of their vibrational and rotational
contributions. Let us define the set of indices for the energy levels of bin k as follows:
Ik = {i ∈ IBP such that (Ek ≤ Ei < Ek+1 )},

k ∈ KBP ,
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where KBP is the set of indices for the bins. Quantities Ek allow for the energy grid to
be defined either by using an energy grid or by lumping an arbitrary number of levels in
a bin. The set KB stands for the bins corresponding to bound energy levels, and the set
KP , for the bins corresponding to predissociated energy levels, with KBP = KB ∪KP . It is
important to avoid mixing bound and predissociated energy levels in the bin comprising
the dissociation energy, because both types of levels show a distinct dynamical behavior.
3.1. Full master equation
The species continuity equations for the nitrogen atom and the rovibrational energy levels
of molecular nitrogen are given by
d
(nN u) = ωN ,
(3.3)
dx
d
(ni u) = ωi , i ∈ IBP .
(3.4)
dx
P
Defining the molecular nitrogen number density, nN2 = i∈IBP ni , the molecular nitrogen
internal energy is given by the expression
X
int
ni Ei ,
(3.5)
=
nN2 EN
2
i∈IBP

without any a priori assumption on the population. The initial population is assumed to
follow a Maxwell-Boltzmann distribution


ni
gi
−Ei
, i ∈ IBP ,
=
exp
n N2
Q(T, Tint )
kB Tint
at the internal temperature Tint equal to the freestreamP
translational temperature. The
total internal partition function is defined as Q(Tint ) = j∈IBP gj exp[−Ej /(kB Tint )].
3.2. Uniform distribution for the energy level populations in a bin
The energy Ei for level i is constant in bin k and equal to the average energy
P
gi Ei
,
Ēk = i∈Ik
ḡk
based on the degeneracy of the levels. The energy level populations are assumed to be
uniform within the bin k ∈ KBP
ni
1
= gi ,
n̄k
ḡk

i ∈ Ik ,

with the degeneracy and number density for the bin
X
ḡk =
gi ,

(3.6)

(3.7)

i∈Ik

n̄k =

X

ni .

(3.8)

i∈Ik

The species continuity equations for the nitrogen atom and the rovibrational energy
levels of molecular nitrogen are obtained by means of Eq. (3.3) for atoms and Eq. (3.4)
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1
2
3
T [K]
300 62,546 11,351
p [Pa]
13 10,792 13,363
u [km/s] 10
2.51
0.72
xN [−]
0.028 0.028
1
Table 1. Translational temperature, pressure, velocity, and nitrogen atom mole fraction for a
N − N2 mixture in the ground electronic state: (1) chemical nonequilibrium thermal equilibrium
collisional conditions; (2) post-shock nonequilibrium conditions at the shock location; (3) local
thermodynamic equilibrium post-shock conditions.

for molecules summed over the energy levels of bin k
d
(nN u) = ω̄N ,
(3.9)
dx
d
(n̄k u) = ω̄k , k ∈ KBP ,
(3.10)
dx
where the expressions for the chemical production rates for the nitrogen atom and the
average rovibrational energy levels of molecular nitrogen can be found in Magin et al.
(2010). The molecular nitrogen internal energy is given by the expression
X
int
n̄k Ēk ,
=
nN2 EN
2
k∈KBP

P
with the molecular nitrogen number density, nN2 = k∈KBP n̄k . The initial population
of the bins is assumed to follow a Maxwell-Boltzmann distribution


ḡk
−Ēk
n̄k
, k ∈ KBP ,
=
exp
n N2
kB Tint
Q̄(Tint )
at the internal temperature Tint equal to the freestream translational
temperature. The
P
total internal partition function is defined as Q̄(Tint ) =
l∈KBP exp[−Ēl /(kB Tint )]ḡl .
It is important to mention that the assumption of a uniform distribution of the energy
levels in a bin does not allow for the system to reach equilibrium, in particular for a low
number of bins, since the global population of energy levels cannot be formally expressed
as a Maxwell-Boltzmann distribution.

4. Results
The N2 , N collisional gas mixture is assumed to be in chemical nonequilibrium and
thermal equilibrium at p=13 Pa pressure and T =300 K translational temperature. A
chemical nonequilibrium value of 2.8% mole fraction of N atoms was chosen to have
enough nitrogen atoms in the flow, since only the mechanism for the N + N2 system is
considered in this work. The collisional and post-shock conditions based on the jump
relations are reviewed in Table 1, together with the post-shock Local Thermodynamic
Equilibrium (LTE) conditions. The post-shock temperatures are calculated by freezing
the internal (rotational and vibrational) energy for both the RVC and VC models. For all
cases, the Rankine-Hugoniot relations yield conservation of the total enthalpy through
the shock. Table 2 gives the Lagrangian time for a fluid particle and the corresponding
distance from the shock for the full RVC model.
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Lagrangian
time [s]
0
10−13
10−12
10−11
10−10
10−9
10−8

Distance from
the shock [m]
0
2.5 × 10−10
2.5 × 10−9
2.5 × 10−8
2.5 × 10−7
2.5 × 10−6
2.5 × 10−5

Lagrangian
time [s]
10−7
10−6
10−5
10−4
10−3
10−2

Distance from
the shock [m]
2.5 × 10−4
2.5 × 10−3
2.5 × 10−2
2.5 × 10−1
1.3
8.2

Table 2. Lagrangian time for a fluid particle and corresponding distance from the shock for
the full RVC model.
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Figure 1. Post-shock translational temperature (unbroken line) and internal / vibrational temperature (dashed line) for a fluid particle as a function of the Lagrangian time starting at t=0 s
with the shock, based on the collisional LTE conditions given in Table 1. Full RVC model (thick
lines) and VC model (thin lines).

Figure 1 shows the translational temperature and the internal/vibrational temperature
as a function of time for the RVC and VC models. For the full RVC model, an internal
temperature is introduced based on the relative population among the rovibrational
energy level E(0, 10) and the ground level E(0, 0):
Tint =

E(0, 10) − E(0, 0)

 .
kB ln n(0,10)
n(0,0)

(4.1)

For the VC model, the vibrational temperature is defined based on the relative population
among the first excited vibrational energy level Ẽ1 and the ground level Ẽ0 , as follows:
Tv =

Ẽ1 − Ẽ0
 ,
kB ln ññ10

(4.2)

where symbol ñ1 stands for the population of the first excited level, and ñ0 , the population
of the ground level. These definitions are justified considering that the thermodynamic
state of the gas is mostly characterized by the population of the lowest energy levels,
i.e., highly populated. Thermalization is monotonic and occurs after a larger distance
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Figure 2. Post-shock nitrogen atom mole fraction (dashed line) and nitrogen molecule mole
fraction (unbroken line) for a fluid particle as a function of the Lagrangian time starting at
t=0 s with the shock, based on the collisional LTE conditions given in Table 1. Full RVC model
(thick lines) and VC model (thin lines).
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Figure 3. Post-shock population of the rovibrational energy levels for the nitrogen molecule as a
function of their rovibrational energy at a Lagrangian time for a fluid particle t = 2.6 × 10−6 s,
obtained by means of the full RVC model based on the collisional LTE conditions given in
Table 1.

for the RVC model. The analysis of the mixture composition in Figure 2 shows that the
RVC model has a longer incubation time than the VC model and a more gradual slope
in the mole fractions after dissociation gets going. These imply a faster dissociation rate
for the VC model. Both models reach the same equilibrium composition. Let us examine
the post-shock populations of the rovibrational energy levels for the nitrogen molecule
as a function of their rovibrational energy, at a Lagrangian time for a fluid particle
t = 2.6 × 10−6 s (at a distance of ∼ 7×10−3m from the shock), corresponding to the time
for thermalization in Figure 1 and to the induction time for dissociation in Figure 2. At
t = 2.6 × 10−6 s, the rovibrational populations exhibit a strong non-Boltzmann behavior,
as shown in Figure 3. The rovibrational level populations are organized following distinct
curves, clearly visible for the low energy levels. This phenomenon can be explained by
tagging the energy levels with a common vibrational quantum number by means of
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Figure 4. Close-up on the post-shock populations of the first four vibrational energy levels for
the nitrogen molecule (⊳ v = 0, ⋄ v = 1, + v = 2, and ◦ v = 3), with their respective rotational
temperature: Tr (0) = 11 959 K, Tr (1) = 16 674 K, Tr (2) = 18 949 K, and Tr (3) = 20 098 K, as a
function of their rovibrational energy at a Lagrangian time for a fluid particle t = 2.6 × 10−6 s,
obtained by means of the full RVC model based on the collisional LTE conditions given in
Table 1.

distinct symbols. Figure 4 shows that these curves correspond to clusters of levels sharing
the same vibrational quantum number. Therefore, we propose to extract, from the n(v, J)
pop ulation computed by using the full RVC model, a rotational temperature Tr (v) for
each vibrational energy level v. It is defined as follows:


PJmax(v)
−∆E(v,J)
PJmax(v)
g
∆E(v,
J)
exp
J
J=0
kTr (v)
n(v, J)∆E(v, J)
J=0


=
,
(4.3)
PJmax(v)
PJmax(v)
−∆E(v,J)
n(v,
J)
g
exp
J
J=0
J=0
kTr (v)

where the rotational contribution to the energy of a rovibrational level is given by the
expression∆E(v, J) = E(v, J)−E(v, 0). The rotational temperatures Tr (v) are computed
by solving Eq. (4.3) by means of a Newton method; they are found to be increasing with
the value of the vibrational quantum number. This leads us to question the widely used
assumption of equilibrium between the translational temperature and the rotational temperature T = Tr in compressed flows. This assumption could explain why thermalization
and dissociation occurs after a larger distance for the full RVC model, compared to the
distance predicted by both the multi-temperature model and VC model relying on the
assumption that T = Tr (v) for all v. Finally, we notice in Figure 3 that the population of
some of the quasi-bound energy levels (levels above the dissociation energy of ∼ 9.75eV)
can be strongly depleted; this depletion is attributed to the predissociation reaction.
The coarse graining model based on a uniform distribution of the levels within a bin is
applied to reduce the complexity of the full RVC model. Figure 5 shows the translational
temperature as a function of time for the full RVC model and the bin model for different
total number of bins. A poor convergence of the total number of bins is found when the
predissociation reaction is considered. A specific treatment is being investigated for the
predissociation reaction.

5. Conclusions
In this work, we have developed a 1D rovibrational collisional model to describe the
internal energy relaxation and dissociation processes behind a strong shockwave in a
nitrogen flow. The 9390 rovibrational energy levels of the nitrogen molecule of the ab

70000

60000

60000

50000

50000

Temperature [K]

Temperature [K]

Internal energy excitation and dissociation of molecular nitrogen
70000

40000
30000

40000
30000

20000

20000

10000

10000

0

453

0
0

-6

2×10

-6

4×10

-6

6×10

Time [s]

-6

8×10

-6

10×10

0

-6

2×10

-6

4×10

-6

6×10

-6

8×10

-6

10×10

Time [s]

Figure 5. Post-shock translational temperature computed by means of the coarse graining RVC
model with a uniform distribution of the energy levels within a bin (· · · 2, − · ·− 5, · − · 10, · − −·
20, − − − 40 bins) and by means of the full RVC model (unbroken line), for a fluid particle
as a function of the Lagrangian time, based on the collisional LTE conditions given in Table 1.
Left: accounting for predissociation reactions in the chemical mechanism; right: not accounting
for predissociation reactions.

initio NASA Ames database are taken into account in the master equation for mass
conservation, coupled with conservation equations for momentum and total energy. A
coarse graining model has been proposed by lumping the N2 (v, J) energy levels into a
smaller number of bins based on a uniform distribution of the levels within a bin. The
results obtained by means of the full RVC model have been compared to those obtained
by means of a vibrational collisional model (Bourdon et al. 2008; Magin et al. 2009). We
have clearly shown that thermalization occurs after a larger distance for the full RVC
model compared to the distance predicted by the VC model. Dissociation is also delayed
when predicted by the full RVC model. This is ex pected to be the consequence of the assumption of equilibrium between the rotational energy and the translational energy used
for the VC model, as opposed to the full RVC model. The uniform distribution bin model
allow us to describe accurately the internal energy relaxation and dissociation processes
based on a reduced number of equations. Lessons learned from studying the N2 (v, J) + N
system by means of the uniform-distribution bin model will allow the N2 (v, J)+N2 (v′ , J′ )
system presented by Jaffe et al. (2010) to be investigated. Indeed, it is no longer possible
to compute and tabulate rate coefficients for all possible combinations of initial (v, J)
and (v ′ , J ′ ) levels of the colliding N2 molecules.
A second type of coarse graining model can be based on a Maxwell-Boltzmann distribution of the levels within a bin. This model allows the system to reach equilibrium at
the fine-grain level since the global population of rovibrational energy can be formally
expressed as a Maxwell-Boltzmann distribution, as opposed to the uniform-distribution
bin model. This property is expected to play an important role in developing a reduced
model suitable for computational fluid dynamics applications, where the number of bins
will be kept low. Another type of collisional model is currently being developed by Liu
et al. (2010) based on a multi-group maximum entropy principle with the macroscopic
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parameters as constraints. The equations for the macroscopic parameters, including the
macroscopic rate coefficients, are obtained from moments of the master equations.
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