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Self-Consistent Model of Chemical, Vibrational,
Electron Kinetics in Nozzle Expansion
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A self-consistent model to describe vibrational, electronically excited states (master equations) and free electron
kinetics (Boltzmannequation) hasbeen applied to studyN2 expansionthrougha converging–divergingconic nozzle.
Strong departures from equilibrium can be observed for both vibrational, electronically excited states and electron
energy distributions. In particular, the role of electronically excited states of nitrogen molecules and free electrons
has been investigated. The strong interaction between these two systems, by means of inelastic and superelastic
collisions, in� uences not only the internal state kinetics, but also the macroscopic quantities such as Mach number
and gas temperature pro� le.

Nomenclature
A = cross-sectionalnozzle area
cp = global constant pressure speci� c heat
cps = molar constant pressure speci� c heat for sth species
cs = speed of sound
csv = mass fraction of the sth species in vth vibrational level
E = electric � eld
e = electron charge
fsv = energy level distributions
gsi = statistical weight of the i th level of the sth species
H f

s = molar formation enthalpy for the sth species
h i = internal enthalpy per unit mass
hT = translational and rotational enthalpy per unit mass
JE = contributionof electric � eld to the electron kinetics
Jee = contributionof electron–electron collisions

to the electron kinetics
Jel = contributionof elastic collisions to the electron kinetics
k = Boltzmann constant
M = Mach number
m = mean molar mass
me = electron mass
m i = molar mass for i th species
N = total heavy particle density
ni = mean energy distribution function value

in the i th energy interval
n."/ = electron energy distribution function
P = pressure
R = universal gas constant
Rvw = electron–molecule rate coef� cients
R¤ = R=m
Sin = contributionof inelastic collisions to the electron

kinetics
Ssup = contributionof superelastic collisions

to the electron kinetics
Sn

sv = source term for molar concentrationdue to reaction
for the continuity equation of the vth level of the
sth species

Received 16 November 2000; revision received 2 April 2001;accepted for
publication3 April 2001.Copyright c° 2001by G. Colonnaand M. Capitelli.
Published by the American Institute of Aeronautics and Astronautics, Inc.,
with permission.

¤Researcher, Centro di Studio per la Chimica dei Plasmi, via Orabona 4;
cscpgc08@area.ba.cnr.it. Member AIAA.

†Full Professor, Chemistry Department. Member AIAA.

S½
sv = source term for mass density due to reaction for the

continuity equation of the vth level of the sth species
T = gas temperature
Tvs = vibrational temperature of the sth species
u = � ow speed
v; w = vibrational quantum numbers
v."/ = velocity of electrons of kinetic energy "
x = position
® = cp=R
®s = cpi =R for sth species
° = cp=cV

" = electron energy, eV
"i = mean value of the i th energy interval
"ih = upper boundary of the i th energy interval
"¤

i j = threshold energy for the electron–molecule
inelastic transition between i < j levels

"il = lower boundary of the i th energy interval
"sv = molar energy of vth vibrational level of the sth species
º."/ = elastic collision frequency
Nº."/ = mass weighted elastic collision frequency
½ = global mass density
½sv = mass density of the sth species in the vth vibrational

level
¾s = momentum transfer cross section for the sth species
¾svw = inelastic and superelasticelectron–molecule collision

cross section for the transition v ! w in the sth species
Âs = molar fraction of sth species
Âsv = molar fraction of sth species in the vth vibrational level

Introduction

T HE role of state-to-state vibrational kinetics in nozzle � ow
is a topic of great interest as shown by the numerous papers

appearing in the literature.1 7 In these papers the presence of free
electrons was neglected.

On the other hand, comparison with postdischarge conditions
suggests that electron–molecule processes could have appreciable
effects in the nozzle � ow kinetics.8 Strong nonequilibriumelectron
energy distribution functions (EEDF) are expected, which re� ect
these characteristicson the rate coef� cients.9 To study the nonequi-
librium behavior of the EEDF, an appropriate Boltzmann equation
for the electron kinetics must be solved.9;10

Strong coupling between EEDF and the molecular level dis-
tributions is present,11 so that a self-consistent model between
Boltzmann equation and heavy particle kinetics must be devel-
oped. This approach, widely used in gas discharge models,12 is not
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common in studying � uid dynamic systems. The self-consistentvi-
brational/electronkineticmodelwas appliedto theboundarylayerof
reentry space vehicles13 considering the concentration of electrons
frozen and completely disregarding the presence of electronically
excited states.

An improvedmodel has been describedby Adamovich et al.14 for
studying magnetohydrodynamics acceleration of air� ows. In this
case, the model, in addition to magnetohydrodynamic equations,
includes chemical and ionization kinetics, vibrational level popu-
lation, and metastable kinetics. An appropriate Boltzmann equa-
tion coupled with the vibrational kinetics was also considered.
Apparently, the collisions from electronically excited states were
neglected.

This kind of collision has been recently considered for modeling
nozzle supersonic expansion15: In this case, however, electron den-
sity and electronicallyexcitedstate concentrationswere still consid-
ered frozen, and the role of the second kind collisions of electrons
with excited states were parameterically taken into account.

In the present work all restrictive hypotheses have been elimi-
nated; in particular,one mass continuityequationhas beenadded for
any electron energy value and for any electronicallyexcited state.11

This allows us to describe self-consistentlythe kinetics of electron-
ically and vibrationally excited states and of free electrons, all of
these species coupled with the one-dimensional� ow equations.

Vibrational Kinetics
The model used to calculate the nozzle � uid dynamics is based

on the quasi-one-dimensional steady Euler equations3 6

d½u A

dx
D 0;

dP

dx
C ½u

du

dx
D 0; u

du

dx
C dh

dx
D 0

d½svu A

dx
D S½

sv ; P D
½ RT

m
(1)

for reacting � ows. These equations are completed by the de� nition
of the enthalpy for nonequilibrium� ows

h D hT C h i (2)

as the sum of the translational

hT D RT

P
®sÂsP
msÂs

D ®RT

m
(3)

and internal and chemical enthalpy

hi D 1
m

"
X

s

Âs

¡
H f

s C fsv"sv

¢
#

(4)

The quantity fsv is the energy level distribution or the fraction of a
heavy particle of the sth species in the vth level.

The chemical contribution is included in the mass continuity
equation for any single species [see Eq. (1)]. The source term can be
calculated from the zero-dimensional kinetic equations, obtaining
the following expression for species mass fraction:

dcsv

dx
D

S½
sv

½u A
D

ms Sn
sv

½u A
(5)

This model, as already pointed out, has been applied to study
vibrational and chemical kinetics in nozzle � ows. Some rearrange-
ments are needed to extend the nozzle model when electronkinetics
is coupled self-consistentlywith vibrational and electronic level ki-
netics. The procedure is schematically shown in Fig. 1.

As starting point, we consider the Boltzmann equation for free
electrons in the homogeneous and almost isotropic (two terms
in spherical harmonics expansion) approximation.16 The time-
dependent EEDF can be calculated by solving the equation

@n."/

@t
D @

@"
.JE C Jel C Jee/ C Sin C Ssup (6)

Fig. 1 Scheme of the self-
consistent coupling between,
heavyparticle, electron kinet-
ics, and Euler equations.

where JE , Jel, and Jee are the � ux through electron energy axis due,
respectively, to the electric � eld E , electron-heavyparticle el, and
electron–electron elastic collisions and Sin and Ssup are the source
terms due to inelastic collisions,

e ."/ C N2.i/ ! e ." "i j / C N2. j/ .i < j/ (7)

and superelastic collisions,

e ."/ C N2. j/ ! e ." C "i j / C N2.i/ .i < j/ (8)

The J terms depend on the derivatives (� rst and second) of the
EEDF, whereas S terms allow the electrons to jump from one energy
to another and are proportional to the EEDF. All of the terms are
linear except Jee, which is quadratic in the EEDF (see Ref. 16 and
the Appendix for the explicit expression of J and S terms).

Writing Eq. (6) in � nite difference form and considering

n i D

R
"ih

"il
n."/ d"

1"

»
"ih D "i C 0:51"

"il D "i C 0:51"
(9)

we have in vector form13 16

dn
dt

D Cn C T .n/n (10)

where the nonlinear terms T are due to electron–electron coulomb
collisions. Considering any energy interval as an energy (transla-
tional) level of electron, we can consider the right-hand side of
Eq. (10) as the source term for electrons in Eq. (5), giving a general
formulation for electron and vibrational kinetics.

The numerical approach has been widely described in previous
works.3 6 For N2 gas, the species considered are N2 , NC

2 , N, NC,
and e . Only for nitrogen molecules, internal level kinetics has
been taken into account, considering 45 vibrational levels and four
electronicallyexcited states

A36C
u [N2.A/]; B35g [N2.B/]

C35g [N2.C /]; a 016u [N2.a/]

We have used the same vibrationalkinetics

N2.v/ C N2.w/ $ N2.v 1/ C N2.w C 1/ (11)

N2.v/ C N2 $ N2.v 1/ C N2 (12)

N2.v/ C N $ N2.w/ C N (13)

as well as the dissociation/recombination model (ladder climbing)
used in Ref. 3–6,

N2.v/ C N2.v 0/ $ N2.v 1/ C 2N (14)

N2.v 0/ C N2 $ 2N C N2 (15)

N2.v/ C N $ 3N (16)
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To this model we have added the kinetics of the electronically
excited states

N2.A/ C N2.A/ $ N2.B/ C N2.v D 8/ (17)

N2.A/ C N2.A/ $ N2.C/ C N2.v D 2/ (18)

N2.A/ C N2.v ¸ 6/ $ N2.B/ C N2.v 6/ (19)

N2.A/ C N $ N2.v < 10/ C N (20)

N2.B/ $ N2.A/ C hº (21)

N2.C/ $ N2.B/ C hº (22)

N2.A/ C N2 $ N2.v D 0/ C N2 (23)

N2.B/ C N2 $ N2.v D 0/ C N2 (24)

N2.a/ C N2 $ N2.B/ C N2 (25)

N2.a/ C N $ N2.B/ C N (26)

N2.C/ C N2 $ N2.a/ C N2 (27)

N C N C N2 $ N2.B/ C N2 (28)

N C N C N $ N2.B/ C N (29)

N C N C N2 $ N2.A/ C N2 (30)

N C N C N $ N2.A/ C N (31)

and charged species

NC
2 C N $ N2.v D 0/ C NC (32)

N C N $ NC
2 C e (33)

NC C e $ N C hº (34)

N2.a/ C N2.A/ $ N2.v D 0/ C NC
2 C e (35)

N2.a/ C N2.a/ $ N2.v D 0/ C NC
2 C e (36)

N2.a/ C N2.v > 24/ $ N2.v D 0/ C NC
2 C e (37)

These processes are consideredmainly in cold dischargemodels,
and the data are quite scanty. In general, for those processes for
which the analytical dependence of the rate coef� cient from the
temperature is unknown, the exothermal rates have been considered
constant, and the rate of the reverse process is calculated applying
the detailedbalanceprinciple.3 6 In Table 1 the rate coef� cients and
references (see Refs. 9 and 14–19) used for processes (17–37) are
reported.

This reaction scheme has been improved by adding electron–

molecule (E–M) collision processes, in particular vibrational and
electronic inelastic and superelastic collisions

e C N2.v/ $ N2.w/ C e (38a)

e C N¤
2 $ N2 C e (38b)

The rate coef� cients of these processes are calculated from the
EEDF. As an example, for process (38a) we have

Rvw D
Z 1

0

n."/¾vw."/v."/ d" (39)

The same can be written for reactive E–M processes such as disso-
ciation and ionization. The cross sections s of these processes can
be found in Refs. 20–27.

InspectionofEq. (39)givesan ideaof the strongcouplingbetween
vibrationallyandelectronicallyexcitedstate kineticsand Boltzmann

Table 1 Rate coef� cients and references
for the processes considered

Process Rate Reference

(17) 3:2 £ 10 10 cm3 /s 9
(18) 2:6 £ 10 10 cm3 /s 9
(19) 1:0 £ 10 10 cm3 /s 9
(20) 5:0 £ 10 11 cm3 /s 9
(21) 1:0 £ 10C05 s 1 9
(22) 2:2 £ 10C05 s 1 9
(23) 3:0 £ 10 18 cm3 /s 9
(24) 3:0 £ 10 11 cm3 /s 14
(25) 2:0 £ 10 13 cm3 /s 15
(26) 1:0 £ 10 10 cm3 /s 16
(27) 1:0 £ 10 11 cm3 /s 15
(28) 2:4 £ 10 33 cm6 /s 15
(29) 1:4 £ 10 32 cm6 /s 15
(30) 1:7 £ 10 33 cm6 /s 15
(31) 1:4 £ 10 32 cm6 /s 15
(32) 2:4 £ 10 15T , K 16, 17
(33)a —— 18
(34)b —— 19
(35) 5:0 £ 10 11 cm3 /s 14
(36) 2:0 £ 10 10 cm3 /s 14
(37) 6:0 £ 10 14 cm3 /s 16
aAnalytical expression is in Ref. 18.
bDependence of electron temperature is in a table in Ref. 19.

Fig. 2 Longitudinal section and reference frame of the conic nozzle.

equationfor EEDF: The rate coef� cientsof the kinetic levelsdepend
directly on the vibrational and electronicallyexcited state distribu-
tions, and the source terms S in Eq. (6) are proportional to the
concentration level.

The numerical solution of the nozzle equation for reacting � ows
has been widely described in Refs. 3–6. Particular care is needed
in the integration of the equations because of the stiff nature of
the kinetic contribution. For this reason, a step adaptive algorithm
has been applied.28 A new approach29 to solve the Euler equations
in Eq. (1) has been used to avoid the discontinuity present in the
classical method.3 6

Note that in the present paper recombination of atomic nitrogen
pumps either the ground state through the ladder climbing model or
the electronicallyexcited states through reactions (28–31).

Results and Discussion
The describedmodelhas beenappliedto theconicnozzleof Fig. 2

(Ref. 30). To study the role of electron kinetics on the state-to-state
kinetics, we have chosen as stagnation conditions T0 D 10,000 K
and P0 D 1 atm.

In previousworks,13;15 we have neglected the ionizationkinetics,
assuming that the molar fractionof electronswas constantalong the
nozzle15 or the boundarylayer.13 This hypothesisis to a givendegree
con� rmed by results shown in Fig. 3, where the molar fraction pro-
� les for charged species (NC; NC

2 ; e ) have been reported. Only the
NC

2 molar fractionchangesconsiderably,but its fraction is too small
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Table 2 Kinetic models studied and
related list of considered processes

Case Processes

a (11–16)
b Case a C (17–37)
c Case b C (38)

Fig. 3 Molar fraction pro� les for charged species.

Fig. 4 Mach number pro� le for different kinetic schemes listed in
Table 2.

to affect the ionization degree; the NC concentration,which deter-
mines the ionizationdegree,is almostconstantalongthe nozzleaxis.

To stress the importance of electronically excited state and free
electron kinetics in modeling free expansion � ows, we report re-
sults obtained using three different kinetic models (see Table 2).
Case a describesthecouplingbetweenvibrationalkineticsand Euler
equations. Case b adds electronicallyexcited state kinetics without
considering E–M elementary processes. Finally, case c describes
the complete kinetics (vibrational,electronicallyexcited states, and
free electron kinetics).

Macroscopic Quantities

We � rst analyze the role of the different kinetic schemes in af-
fecting the macroscopic quantities such as Mach number (Fig. 4),
gas temperature (Fig. 5), and vibrational and electron temperature
(Fig. 6). We observe differencesbetween the results calculatedwith
differentschemesof the orderof 10% for the Mach number and 25%
in the gas temperatureat the nozzle outlet.Larger differencescan be
observed between model a (only vibrational kinetics) and model b
(vibrationalplus electronicexcited states kinetics), whereas the dif-
ferencesbetween models b and c (complete kinetics and Boltzmann

Fig. 5 Normalized gas temperature pro� le for different kinetic
schemes listed in Table 2.

Fig. 6 Normalized vibrationaltemperature pro� les (cases a–c) for dif-
ferent kinetic schemes listed in Table 2 and normalized electron tem-
perature pro� le Te in case c of Table 2.

equation for electron kinetics) are smaller. These results are im-
portant because in previous models3 6;13;15 comparisons between
isentropic(without chemicaland energy level kinetics) and nonequi-
librium reacting � ows showed minor differences.

The vibrational temperature of nitrogen molecules decreases to
equilibrate the gas temperature through vibration–translation and
vibration–vibration processes [Eqs. (11–13)], but in the outlet these
processesare negligible,becausepressureand temperaturedecrease
fast after the throat, and Tv reaches a constant value. The same hap-
pens to electron temperature (Te in Fig. 6), which has the same
trend of the vibrational temperature (curve c in Fig. 6) at the begin-
ning, where electron volt processes are the most important mecha-
nism of the low energy EEDF. However when Tv becomes constant,
electron–atom (mainly) and E–M elasticprocessesdominate,bring-
ing the electron temperature to lower values.

Molar Fractions

During the expansion, the molar fractions of more abundant
species (e , N, NC ) remain almost constant (see Fig. 3), and the
ionized nitrogen molecule molar fraction is too small (<10 5) to
be effective in the � ow (Fig. 3). Molecular nitrogen (Fig. 7) is the
only species with a suf� ciently high concentration that shows ap-
preciable variations along the nozzle axis. The cooling of the gas,
due to the expansion, allows atomic recombination.A strong effect
is observed when electronicallyexcited state kinetics is considered,
caused by atom recombination in N2.A/ and N2.B/ species [see
processes (28–31)]. Electron kinetics is important in the � rst part
of the nozzle, increasing the dissociation at high temperature and
reducing the concentrationof molecule.
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Fig. 7 N2 molar fraction pro� le for different kinetic schemes listed in
Table 2.

Fig. 8 N2(A) molar fraction pro� le for different kinetic schemes listed
in Table 2.

Fig. 9 N2(B) molar fraction pro� le for different kinetic schemes listed
in Table 2.

Strongereffectscan be observedin the electronicallyexcitedstate
concentrationpro� les. In Figs. 8–11, respectively,themolar fraction
of levels N2.A/; N2.B/; N2.C/, and N2.a0/ are reported.

In general, the presence of free electrons (case c) reduces the
concentration of electronically excited states through superelastic
collisions as compared with cases a and b. The only exception is
represented by the pro� le of B state (Fig. 9). In this case, the in-
terplay betweenatom recombination[process (29)] and superelastic
collisionsgeneratesa peakaround x D 0:025m in bothcasesb and c:
The effect of E–M collisions is to reduce the amplitude of the peak,
leaving its position unchanged.

Fig. 10 N2(C)molarfractionpro� le for different kinetic schemes listed
in Table 2.

Fig. 11 N2(a0 ) molar fraction pro� le for different kinetic schemes
listed in Table 2.

Fig. 12 VDFs, in different nozzle positions calculated in case c.

Vibrational and Electron Distributions

Because of the self-consistent coupling between chemical and
kinetics level and the Boltzmann equation for free electrons, vibra-
tional, electronic state concentrationsand EEDFs are correlated. In
Figs. 12 and 13 we have reported the vibrational distribution func-
tion (VDF) and EEDF in different nozzle positions for case c. Both
distributions cool in the expansion following the gas temperature
(see Fig. 5). In these conditions, atom recombination on the top of
the vibrational ladder affects the tails of the VDF’s as discussed
in previous works,3 6 electron volt superelasticprocesses cools the
low vibrational levels, and the VDF shows a peak after the throat
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Fig. 13 VDFs, at nozzle exit calculated in the different kinetic schemes
listed in Table 2.

Fig. 14 Particular of the VDF peak formation in the same conditions
of Fig. 12.

at v D 10. This effect can be attributed to electron–vibration (E–V)
superelastic processes because it does not appear in the distribu-
tions calculated in cases a and b (Fig. 13). Figure 14, together with
Fig. 8, can further clarify this phenomenon: At x D 0:01 m, we are
at the maximum value of N2.A/ (Fig. 8) and the VDF has a change
in the slope at v D 10 [process (20) is very strong]. N2.A/ molar
fraction reduces until x ¼ 0:04 m and the peak appears. After this
point,N2.A/ changesvery slowly, and also the peakheight is almost
constant,whereas for v < 10, the E–V superelasticcollisionsprevail
creating the hole in the distribution at v D 8.

This behavior is re� ected on the electron distributions. The � ux
of energy from vibrational levels to electrons through E–V supere-
lastic collisions slow down the cooling of the low energy EEDF for
x > 0:03 m (Fig. 15). In fact, the changes in low-energy EEDF are
larger for x < 0:04 than for x > 0:05. This result is con� rmed also
by the electron temperature pro� le (Fig. 6).

For x < 0:04 m, a plateauappears in the EEDF due to freeelectron
superelastic collisions with N2.A/ and N2.B/. These distributions
are very similar to postdischargecalculations.9;10

Elastic electron–electron (E–E) collisions are very important for
the magnitude of the plateaus, as can be understood by comparing
the results of Fig. 15 with that of Fig. 16, calculated by neglecting
E–E collisions.

Rate Coef� cients

The main consequenceof the nonequilibriumelectronand vibra-
tional distributions is the strong deviation of the global rate coef� -
cients from the Arrhenius dependence on the temperature.

When a state to state kinetics is considered, the global second-
order rate coef� cient of the generic reaction

Fig. 15 EEDFs, in different nozzle positions calculated in case c.

Fig. 16 EEDFs, in different nozzle positions calculated in case c ne-
glecting elastic E–E collisions.

Fig. 17 Arrhenius plot of the global second-order rate coef� cient of
process (16) in the different models, compared with dissociation by ele-
cron impact.

A C N2.v/
Kv! B C ¢ ¢ ¢ (40)

is de� ned as3 6

Kg D
P

v
KvN2.v/

N2

(41)

The Arrhenius plot of such a rate represents the dependence of the
global rate as a function of the local temperature.

In Fig. 17 we show the Arrhenius plot of N2 dissociation rate
coef� cient from vibrationallevelsby nitrogenatoms as a functionof
the inverseof the normalizedgas temperaureand by electron impact
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Table 3 Total electron impact ionization and dissociation rate coef� cients (cm3/s) compared
with rate coef� cients from v = 0 in three different nozzle positions

x D 0:125 x D 0:05 x D 0:125

Ionization Dissociation Ionization Dissociation Ionization Dissociation

v D 0 3:1 £ 10 17 5:5 £ 10 16 7:3 £ 10 25 2:0 £ 10 21 2:8 £ 10 28 8:6 £ 10 25

Total 6:9 £ 10 17 5:4 £ 10 14 1:2 £ 10 24 8:2 £ 10 20 4:2 £ 10 28 6:4 £ 10 22

Table 4 Electron impact vibrational inelastic and superelastic rate coef� cients (cm3/s) for some transition
v–w and electron mean energy E and temperature Te (K) in three different nozzle positions

x D 0:125 x D 0:05 x D 0:125

Transition Inelastic Superelastic Inelastic Superelastic Inelastic Superelastic

0–1 4:0 £ 10 9 6:0 £ 10 9 2:9 £ 10 10 7:7 £ 10 10 7:1 £ 10 12 6:0 £ 10 11

2–3 4:7 £ 10 9 7:1 £ 10 9 6:3 £ 10 10 1:6 £ 10 9 3:4 £ 10 11 2:0 £ 10 10

4–5 2:1 £ 10 9 3:2 £ 10 9 2:2 £ 10 10 6:0 £ 10 10 1:4 £ 10 11 8:9 £ 10 11

6–7 1:7 £ 10 9 2:6 £ 10 9 1:9 £ 10 10 5:2 £ 10 10 1:3 £ 10 11 8:1 £ 10 11

Te 9346 3115 1881

Fig. 18 Arrhenius plot of the global second-order rate coef� cient of
dissociation and ionization for different reactions (case c of Table 2).

Fig. 19 Arrhenius plot of the global second-order rate coef� cient of
electronically excited state excitation by electron impact for different
reactions (case c of Table 2).

as a function of the inverse of local electron temperature. All of the
rates presentnon-Arrheniustrends: In some cases, the rates increase
by decreasing the relevant temperature.This phenomenonhas been
also observed in previous works3 6 without electronically excited
states and free electronkinetics. In Fig. 18, we have plotted the E–M
ionization rates from vibrational and electronically excited states
compared to the global dissociation rates, in case c. The ionization
rates follow the trend of the dissociation rates being in any case
order of magnitudes smaller.

Fig. 20 Arrhenius plot of the global second-order rate coef� cient of
electronically excited state deexcitation by electron impact for different
reactions (case c of Table 2).

In Figs. 19 and 20 we show the global rate coef� cients of the
excitation and quenching of electronic excited states by electron
impact. The inelastic processes (Fig. 18) present strong deviations
from the Arrhenius form at low temperature. This is due to the
formation of the plateau in the EEDFs (see Fig. 15) for x > 0:05 m
from the nozzle throat as well as for the corresponding plateau in
the vibrationaldistribution functions.

Finally, we report in Tables 3 and 4 some rate coef� cients
for different processes at different nozzle positions. In particular
Table 3 reports inelastic and superelastic electron–vibration energy
exchangemonoquantumrates fordifferentinitialv, whereasTable 4
compares the total ionization and dissociation rates with the corre-
sponding values from v D 0.

Conclusions
The strong in� uence of the nonequilibriumvibrational and elec-

tronic kinetics in affecting high-enthalpy nozzle � ow has been
widely investigated showing important effects in chemical kinet-
ics and rate coef� cients. We have extended the model to study the
role of electron kinetics and electronicallyexcited states. These two
aspects cannot be treated separately because superelasticcollisions
of free electrons with electronically excited states are very effec-
tive inasmuch as they can strongly affect the electron distributions
for energies higher than 3 eV. The effects of the complete kinetics
concernalso the macroscopicquantitiessuch as the gas temperature
pro� le.

The model can be extended to plasma jets, introducing the elec-
tric � eld in the electron kinetics. This improvement is not trivial
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because the heating of the gas due to joule effect should be taken
into account for electronsand ions. This point has been recently an-
alyzed, as already mentioned, by Adamovich et al.14 for describing
magnetohydrodynamics accelerators of air� ows. A comparison of
the present results with those reported in Ref. 14 is dif� cult because
of the different systems treated (nitrogen against air), as well as the
large differences in the considered initial ionization degree (10 2

against 10 5 ).
As a conclusion,we can say that strong effects must be expected

in the coupling of plasma kinetics and � uid dynamics. The present
results can be further improved at every stage of the calculation,
in particular in the cross sections and rate coef� cients. Quantita-
tive changes of the results should leave unchanged the qualitative
features reported in this paper.

Appendix
To describe the in� uence of each contribution on the electron

energy distributions here, we give the expression of the � ux and
source terms of the Boltzmann equations for the electron kinetics
in Eq. (6). This equation is obtained from the general Boltzmann
equationunder the hypothesisthat the distributionis quasi isotropic.
In this case, the distributionis consideredas the sum of the � rst two
terms in the spherical harmonic expansion. The � ux terms are due
to electric � eld

JE D 2eE 2

3meº."/

³
n."/

2
"

@n."/

@"

´
(A1)

electron–atom/molecule elastic collisions

Jel D Nº."/

µ³
kT

2
"

´
n."/ kT "

@n."/

@"

¶
(A2)

and to E–E collisions

Jee D ®

µ
P."/

³
n."/

2"
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The source terms, due to jumps of electrons in the energy space,
take into account inelastic collision,

Sin D N
X

svw

Âsv[v." C "vw/¾svw." C "vw/n." C "vw/

v."/¾svw."/n."/] (A6)

and superelastic collisions,

Ssup D N
X

svw

Âsw[v." "vw/¾svw." "vw/n." "vw/

v."/¾svw."/n."/] (A7)

Equations (A6) and (A7) are calculated for the case "vw D "w

"v > 0, and the cross section for superelastic processes ¾swv is cal-
culated using the microscopic reversibility

¾swv ."/ D .gsv=gsw/[." C "vw/="]¾svw." C "vw/ (A8)

Inelastic and superelastic collisions are the link between state-to-
state and free electron kinetics.
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