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Internal energy excitation and dissociation of
molecular nitrogen in a compressing flow

By T. E. Magin, M. Panesi†, A. Bourdon‡, R. Jaffe AND D. Schwenke

1. Motivation and objective

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 non-equilibrium 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 non-equilibrium phenomena are strongly
coupled to each other. For re-entry velocities >10 km/s, a significant portion of the heat-
ing 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
non-equilibrium 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 (CR) models (Laux 2002;
Bultel et al. 2006; Magin et al. 2006; Panesi et al. 2009).

In multi-temperature models, the physico-chemical properties of the air flow are ob-
tained by assuming that, for all the species, the population of each internal energy mode
follows a Boltzmann distribution at its own temperature (Tr rotational, Tv vibrational
or Te electronic temperature, respectively). These models have been developed based on
experimental data obtained in flight and also in high-enthalpy facilities representative of
specific flight conditions, such as in arc-jet and shock-tube wind-tunnels (Appleton et al.
1968). The problem with this approach is that the models may contain many uncertain-
ties that can be extremely difficult to quantify. Moreover, there is no detailed information
about the specific state of the gas since these data are highly averaged (e.g., stagnation
point heat-flux measurement). Park (2006) has worked extensively on multi-temperature
models for air and has also shown that the use of these models, even if very efficient from
a computational point of view, can be justified only when the departure from the Boltz-
mann population is small, i.e., for low-velocity and high-pressure re-entry conditions.

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. By increasing order of complexity and computational time, three
kinds of CR models can be distinguished for air: electronic, vibrational and rovibrational.
In electronic CR models, transitions between the electronic states are considered and the
rovibrational levels of the molecules are populated according to Boltzmann distributions
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at temperatures Tr and Tv. In vibrational CR models, transitions between the vibra-
tional states of the molecules are also considered and only a rotational temperature Tr is
defined. Finally, in rovibrational CR models, no temperature is required to describe the
internal energy. The quality of the results obtained with a CR model relies mainly on
the accuracy of the rate coefficients for elementary processes between energy levels. Dif-
ferent theoretical models have been developed in the literature to determine elementary
rate coefficients: for instance, the quasiclassical trajectory method using a potential en-
ergy surface which is a fit to ab initio electronic structure calculations (Schwenke 1990),
the same method based on approximate energy surfaces (Esposito et al. 2006) and an-
alytical models such as the forced harmonic oscillator (Macheret & Adamovich 2000).
Recently, the computational chemists at NASA Ames Research Center have embarked on
the characterization of non-equilibrium air chemistry from first principles (Chaban et al.
2008; Jaffe et al. 2008, 2009). So far, the N2 + N system has been studied to yield rate
coefficients and cross-sections for rovibrational excitation and dissociation of molecular
nitrogen in the ground electronic state. First principle quantum chemistry calculations
are used to generate realistic nuclear interaction potentials. The quasiclassical trajectory
method is then used to yield the fundamental data required for a rigorous treatment of
non-equilibrium chemistry.

The present work is at the interface between computational chemistry and computa-
tional fluid dynamics and aims at developing new models based on microscopic theory
and applying them to macroscopic scale. The database recently developed at NASA
Ames Research Center was used to derive vibrational dissociation and excitation rate
coefficients for molecular nitrogen (Bourdon et al. 2008). In this work, we propose to
develop a 1D vibrational CR model to simulate a shock in a nitrogen flow. This model,
so far only collisional, is the first component of a larger model for air that will eventually
include radiation. It is important to mention that multi-quantum jumps are taken into
account for the excitation mechanism. The free stream conditions are carefully selected
to stay in the validity range of a simplified mechanism for the N2 + N system compris-
ing dissociation and vibrational-translational (VT) relaxation. Finally, we compare the
results obtained by means of the vibrational CR model to a multi-temperature model
often used in the aerospace community.

2. Physico-chemical model

2.1. Energy levels
The NASA Ames database (Schwenke 2008) 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. The relation between the i and (v, J) notations is expressed
as follows

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
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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 total wave function for the nitrogen molecule must be
symmetric with respect to exchanging the nuclei (Bose-Einstein statistics), and thus the
degeneracy of the energy levels is given by the expression

gi = (2J(i) + 1)gNS
i , i ∈ IBP,

where the nuclear spin degeneracy is

gNS
i =

{
6 : even J(i),
3 : odd J(i).

The database for the N2 + N system comprises more than 23 million reactions, for disso-
ciation of truly bound states and predissociated states,

N2(i) + N
kDf

i

�
kDb

i

N + N + N, i ∈ IBP,

for predissociation of the predissociated states,

N2(i)
kPf

i

�
kPb

i

N + N, i ∈ IP,

and for excitation between all states,

N2(i) + N
kE

ij

�
kE

ji

N2(j) + N, i, j ∈ IBP, j > i.

The direct reaction rate coefficients kDf
i , kPf

i and kE
ij , 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
rate coefficients kDb

i , kPb
i and kE

ij , j < i are computed based on microreversibility, only
using endothermic rate coefficients, although some exothermic rates were also available:

kDb
i (T ) = kDf

i (T )
giQ

t
N2

(T ) exp(−(Ei−2EN)
kBT )

[gNQt
N(T )]2

, i ∈ IBP,

kPb
i (T ) = kPf

i (T )
giQ

t
N2

(T ) exp(−(Ei−2EN)
kBT )

[gNQt
N(T )]2

, i ∈ IP, j > i,

kE
ji(T ) = kE

ij(T )
gi exp(−(Ei−Ej)

kBT )
gj

, i, j ∈ IBP, j > i,

where the energy of level i is defined as Ei and the translational partition functions as

Qt
N2

(T ) =
(

2πkBmN2T

h2
P

)3/2

, Qt
N(T ) =

(
2πkBmNT

h2
P

)3/2

,

where symbol kB stands for Boltzmann’s constant, and hP, Planck’s constant. The ni-
trogen atom degeneracy is given by gN = 12 (nuclear and electronic spin).
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2.2. Vibrational collisional radiative model

A 1-D vibrational CR model was developed to describe the energy relaxation and disso-
ciation processes in a nitrogen flow. The 61 vibrational energy levels for N2 of the NASA
Ames database are taken into account in the CR model, as well as all the averaged vibra-
tional rate coefficients for dissociation and excitation for the N2 + N system. The energy
for the rovibrational level i ∈ IBP is defined based on the vibrational contribution and
the relative rotational contribution with respect to the vibrational energy level

Ei = Ẽv + ∆Ẽ(v, J), v = 0, · · · , vmax, J = 0, · · · , Jmax(v),

with Ẽv = Ei(v,0). The rotational energy level populations are assumed to follow a
Boltzmann distribution at the translational temperature

ni

ñv
=

1
Q̃v(T )

gi exp

(
−∆Ẽ(v, J)

kBT

)
, i ∈ IBP,

where the number density, ñv =
∑Jmax(v)

J=0 ni, and the rotational partition function,
Q̃v(T ) =

∑Jmax(v)
J=0 gi exp[−∆Ẽ(v, J)/(kBT )], are introduced for the vibrational energy

levels v = 0, . . . , vmax. The average vibrational rate coefficients for dissociation and exci-
tation are given by the expressions

k̃Df
v (T ) =

1
Q̃v(T )

Jmax(v)∑
J=0

gi exp

(
−∆Ẽ(v, J)

kBT

)
kDf

i (T ), v = 0, . . . vmax,

k̃E
vv′(T ) =

1
Q̃v(T )

Jmax(v)∑
J=0

gi exp

(
−∆Ẽ(v, J)

kBT

)
Jmax(v′)∑

J′=0

kE
ij(T ), v, v′ = 0, . . . vmax,

where j = j(v′, J ′). Predissociation is not accounted for. Reverse rate coefficients are
computed by means of the following relations

k̃Db
v (T )

k̃Df
v (T )

=
Qt

N2
(T )Q̃v(T ) exp(−(Ẽv−2EN)

kBT )
[gNQt

N(T )]2
, v = 0, . . . vmax,

k̃E
v′v(T )
k̃E

vv′(T )
=
Q̃v(T ) exp(−(Ẽv−Ẽv′ )

kBT )

Q̃v′(T )
, v, v′ = 0, . . . vmax, v′ > v.

In section 3, we will choose suitable free stream conditions for which this simplified
mechanism is dominant, neglecting ionization, VV relaxation and electronic excitation.
Post-shock conditions are derived from the Rankine-Hugoniot jump relations assuming
frozen gas composition and vibrational energy modes. The rotational mode is assumed
to be in equilibrium with the translational mode. The downstream flowfield is obtained
by solving the following steady Euler conservation equations of mass for the N atoms and
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for the vibrational energy levels of N2 molecule, global momentum and global energy

d
dx

(nNu) = ω̃N, (2.1)

d
dx

(ñvu) = ω̃v, v = 0, . . . , vmax, (2.2)

d
dx

(ρu2 + p) = 0, (2.3)

d
dx

(ρuH) = 0. (2.4)

The chemical production rates are given by the expressions

ω̃N = 2
vmax∑
v=0

k̃Df
v (T )

[
ñvnN −

k̃Db
v (T )

k̃Df
v (T )

(nN )3
]
,

ω̃v = −k̃Df
v (T )

[
ñvnN −

k̃Db
v (T )

k̃Df
v (T )

(nN )3
]
−

v−1∑
v′=0

k̃E
v′v(T )

[
k̃E

vv′(T )
k̃E

v′v(T )
ñvnN − ñv′nN

]

−
vmax∑

v′=v+1

k̃E
vv′(T )

[
ñvnN −

k̃E
v′v(T )
k̃E

vv′(T )
ñv′nN

]
,

for v = 0, . . . , vmax. The total enthalpy is given by the expression H = eint+et+ 1
2u

2+p/ρ,
with the translational energy et = 3

2 (ñN2 + nN)kBT/ρ, the mass density, ρ = ñN2mN2 +
nNmN, the number density for N2, ñN2 =

∑vmax
v=0 ñv, and the mixture pressure, p = 2

3ρet.
The internal energy reads ρeint = mN2

∑vmax
v=0 ñv[Ẽv + Ẽrot

v (T )] + mNnNEN, with the
rotational energy of level v given by Ẽrot

v (T ) = kBT
2∂(ln Q̃v)/∂T ∼ kBT .

The conservative system of equations (2.1)-(2.4) is transformed into a system of ordi-
nary differential equations (Magin et al. 2006). No additional conservation equation for
the vibrational energy is considered, since this quantity is directly computed from the
vibrational energy population obtained by means of the CR model

evib(x) =
1
ñN2

vmax∑
v=0

ñv(x)Ẽv. (2.5)

One can also define a vibrational temperature based on the relative population among
the first excited vibrational energy level and the ground state, as follows:

Tv =
Ẽ1

kB ln
(

ñ0
ñ1

) , (2.6)

where Ẽ1 is the energy of the first excited vibrational energy level. The post-shock initial
population of vibrational energy levels is assumed to follow a Boltzmann distribution

ñv

ñN2

=
Q̃v(T )
Q̃(T, Tv)

exp

(
−Ẽv

kBTv

)
, v = 0, . . . , vmax,

where the total partition function is given by the expression

Q̃(T, Tv) =
vmax∑
v′=0

exp

(
−Ẽv′

kBTv

)
Q̃v′(T ),
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1 2 3
T [K] 4000 40, 876 8915
p [Pa] 40 2157 2472
u [km/s] 9 1.706 0.621
xN [−] 0.086 0.086 0.999

Table 1. Translational temperature, pressure, velocity and nitrogen atom mole fraction for the
free stream LTE conditions (1), post-shock non-equilibrium conditions at the shock location (2)
and post-shock LTE conditions (3).

with the vibrational temperature Tv equal to the freestream translational temperature.

3. Results

The N2,N free stream gas mixture is assumed to be in Local Thermodynamic Equi-
librium (LTE) at p=40 Pa pressure and T=4000 K translational temperature (i.e., there
is 8.6% mole fraction of N atoms). The free stream temperature does not correspond
to flight conditions. A high value of temperature 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 free stream and post-shock conditions based on the jump relations are
reviewed in Table 1, together with the post-shock LTE conditions. Figure 1 compares
the evolution of the rotational-translational temperature and vibrational temperature
as a function of the distance from the shock for the multi-temperature model of Park
(T = Tr, Tv = Tele = Te) for a 5-species mixture (N, N2, N+, N+

2 and e−) with stan-
dard mechanism and for a 2-species mixture (N and N2) with simplified mechanism.
The standard mechanism comprises all the reactions of dissociation, ionization and VT
relaxation frequently used in multi-temperature models (Park 1993). The species elec-
tronic energy levels is accounted for when computing the flow enthalpy. The simplified
mechanism comprises N2 + N dissociation and Landau-Teller VT relaxation, based on a
Millikan-White-Park relaxation time computed from the N2 − N interaction only (Park
1993). Both multi-temperature models give very close results, the simplified mechanism
is thus dominant for the selected free stream conditions when using a multi-temperature
model. In both cases, an overshoot of the vibrational temperature and a slow relaxation
to equilibrium are noticed. In the following, we will compare the results obtained by
means of the collisional radiative model to those based on the multi-temperature model
for the 2-species mixture with simplified mechanism (Appleton et al. 1968).
Figure 2 compares the evolution of the pressure and velocity for a fluid particle as a func-
tion of the Lagrangian time, starting at t = 0 with the shock, for the multi-temperature
model (2-species mixture with simplified mechanism, Park reaction rate coefficients) and
for the vibrational collisional radiative model presented in section 2. We notice that,
as expected, the level of accuracy to describe the nitrogen dissociation has a negligible
influence on the pressure of the flow. A more significant influence is observed on the ve-
locity field. Table 2 gives the Lagrangian time for a fluid particle, and the corresponding
distance from the shock, for the vibrational CR model.
Figure 3 shows the rotational-translational temperature and vibrational temperature as

a function of time for the multi-temperature model and the vibrational CR model. The
definition of the vibrational temperature for the CR calculation given in Eq. (2.6) is jus-
tified considering that the thermodynamic state of the gas is mostly characterized by the
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Figure 1. Post-shock translational temperature (unbroken lines) and vibrational temperature
(dashed lines) for a fluid particle as a function of the Lagrangian time starting at t=0 s with the
shock, based on the free stream LTE conditions given in Table 1. Multi-temperature model using
the Park (1993) rate coefficients for a 5-species mixture (N, N2, N+, N+

2 and e−) with standard
mechanism (thick lines) and for a 2-species mixture (N and N2) with simplified mechanism (thin
lines).

Lagrangian time [s] Distance from the shock [m]
0 0
10−14 1.7× 10−11

10−13 1.7× 10−10

10−12 1.7× 10−9

10−11 1.7× 10−8

10−10 1.7× 10−7

10−9 1.7× 10−6

10−8 1.7× 10−5

10−7 1.7× 10−4

10−6 1.7× 10−3

10−5 1.4× 10−2

10−4 9.2× 10−2

10−3 7.2× 10−1

10−2 6.4

Table 2. Lagrangian time for a fluid particle and corresponding distance from the shock for
the vibrational CR model.

population of the lowest energy levels, highly populated. Although described by differ-
ent dynamics, the vibrational relaxation times for the two models, defined as the length
of time required for thermalization among the vibrational and rotational-translational
energy modes, are very similar. Thermalization is described differently by the two mod-
els: while the two-temperature model of Park predicts an overshoot for the vibrational
temperature and a slow relaxation to equilibrium, the CR model allows for a chemistry-
vibration coupling leading to a monotonic relaxation to equilibrium.

Figure 4 shows a slower dissociation rate for the Park model than for the CR model
at the early stages of dissociation, whereas this trend is inverted at later stages. This
behavior can be explained by a strong underprediction of the dissociation rate for large
differences among the vibrational and translational temperatures.
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Figure 2. Post-shock pressure (left) and velocity field (right) for a fluid particle as a function
of the distance from the shock, based on the free stream LTE conditions given in Table 1.
Vibrational CR model (thick line) and multi-temperature model (thin line) for the 2-species
mixture with simplified mechanism.
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Figure 3. Post-shock translational temperature (unbroken lines) and vibrational temperature
(dashed lines) for a fluid particle as a function of the Lagrangian time starting at t=0 s with
the shock, based on the free stream LTE conditions given in Table 1. Vibrational CR model
(thick lines) and multi-temperature model (thin lines) for the 2-species mixture with simplified
mechanism. Left: linear time scale; right: logarithmic time scale.

Figure 5 shows the post-shock population for the vibrational energy levels of the nitrogen
molecule in function of their vibrational energy, computed by means of the vibrational
CR model. This figure clearly points out deviations from a Boltzmann distribution. As
expected, the populations of the highest vibrational levels increase first, and, due to mul-
tiquantum transitions, we notice the formation of a plateau for high vibrational states.
The population density of this plateau increases with time up to t = 10−6 s while the
populations of the first vibrational levels remain unchanged. For t > 10−6 s, a significant
dissociation occurs and the population of all vibrational states decreases. Then, almost
all the vibrational energy levels, except those very close to the dissociation energy, fol-
low a Boltzmann distribution at a vibrational temperature that slowly converges toward
8900 K.
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Figure 4. Post-shock nitrogen atom mole fraction (unbroken lines) and nitrogen molecule mole
fraction (dashed lines) for a fluid particle as a function of the Lagrangian time starting at t = 0 s
with the shock, based on the free stream LTE conditions given in Table 1. Vibrational CR model
(thick lines) and multi-temperature model (thin lines) for the 2-species mixture with simplified
mechanism. Left: linear time scale; right: logarithmic time scale.
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Figure 5. Post-shock population of the vibrational energy levels of the nitrogen molecule
as a function of their vibrational energy for the Lagrangian times of a fluid particle,
t = 0, 10−14, 10−13, . . . , 10−3, 10−2 s, obtained by means of the vibrational CR model based
on the free stream LTE conditions given in Table 1.

4. Future plans

In this work, we have developed a 1D vibrational state-to-state model to describe the
internal energy relaxation and dissociation processes behind a strong shockwave in a ni-
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Figure 6. Post-shock vibrational energy trajectory in the phase space (devib/dt, evib) for a fluid
particle, obtained by means of the vibrational CR model (thick line) and multi-temperature
model (thin line) based on the free stream LTE conditions given in Table 1.

trogen flow. The 61 vibrational energy levels for the nitrogen molecule of the NASA Ames
database were taken into account, as well as all the averaged elementary rate coefficients
for excitation and dissociation, assuming that, for each vibrational level, the rotational en-
ergy level populations follow a Boltzmann distribution at the translational temperature.
The results obtained were compared to the classical multi-temperature model proposed
by Park and often used in the aerospace community for non-equilibrium flow simulations.
We propose to use the CR model to determine a new macroscopic model of vibrational
energy relaxation to be used in multi-temperature models, together with the correspond-
ing chemistry-vibration coupling term. In a preliminary step, one can assess the validity
of the Landau-Teller law widely used in multi-temperature models for non-equilibrium
flow simulations. In Figure 6, the post-shock vibrational energy trajectory is shown in
the phase space (devib/dt, evib) for a fluid particle. This vibrational energy is computed
by means of Eq. (2.5) for the vibrational CR model, while it is computed by means of the
vibrational temperature based on the assumption of a harmonic oscillator for the multi-
temperature model. The vibrational dynamics described by means of the CR model is
different from the dynamics described by means of the classical multi-temperature mod-
els. We also propose to develop a rovibrational collisional radiative model by relaxing the
assumption of the Boltzmann distribution for the rotational energy levels. The energy
levels will be lumped into bins as a function of their global internal energy, independently
of their vibrational and rotational contributions.
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