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Electron and Vibrational Kinetics in the Boundary Layer
of Hypersonic Flow

G. Colonna* and M. Capitellit
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A simplified fluid dynamic model of the boundary layer in hypersonic flow has been coupled with
complete vibrational kinetics for pure nitrogen. We focus our attention on the electron—molecule collisions
and calculate the rate coefficients of such processes by solving the stationary Boltzmann equation for
electron kinetics. The role of ionization degree in affecting vibrational and electron energy distributions

has also been investigated.

Nomenclature
CN = mass fraction of nitrogen atoms
¢ = mass fraction of nitrogen vth vibrational level
Gy = mass fraction collision frequency
E = electric field
E. = electron mean energy
E, = energy of vth vibrational level
E, = threshold energy
e-e = electron—electron coulomb collisions
el = elastic collisions
e = electrons
e-M = electron—molecule collisions
fn = stream function
J. = flux terms in electron energy space
K, = rate coefficients
k = Boltzmann constant
Le = Lewis number
N = nitrogen atoms
N, = electron density
N, = nitrogen molecules
n(e) = electron energy distribution function
P = gas pressure
Pr = Prandtl number
0,(e) = electron collision rate coefficients for
monoenergetic electrons
R, = electron collision rate coefficients
Sc = Schmidt number
Sinsup = source terms in electron energy space
Sor = source terms
T, = temperature at the edge of the boundary layer
Totect = electron temperature
T, = gas temperature
T. = surface temperature
t . = time
v, b, w, d = vibrational quantum numbers
v(e) = electron speed
@ = jonization degree
B = flow characteristic frequency
& = electron energy
e* = electron collision threshold energy
n = coordinate perpendicular to the surface
Thmax = boundary-layer thickness
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p = mass density

Py = mass density of the vth vibrational level

o, = electron—molecule/atoms collision cross
sections

Subscripts

elect = electron

in = inelastic collisions

sup = superelastic collisions

Introduction

N recent papers'~* hypersonic flow of molecular gases in

the boundary layer surrounding a body has been studied
using simplified fluid dynamic models in which a complete
chemical kinetics has been taken into account.

In particular dissociation, recombination and vibrational ki-
nétics in nitrogen flows have been studied by our group,’~’
analyzing the role of each process in affecting vibrational dis-
tributions, temperature profiles, and temperature gradients
(heat flux). Also, the role of multiquanta V-T (Refs. 2-5)
collisions between atoms and vibrationally excited molecules
has been studied. In these papers we have completely ne-
glected the presence of free electrons.

On the other hand, electron kinetics in nitrogen postdis-
charges have been studied by our group,’ emphasizing the
strong coupling of vibrationally excited states and free elec-
trons. These conditions are very similar to those occurring in
the boundary layer of a body hit by a hypersonic flow, the role
of electrons being to exchange energy between the different
vibrational levels.

Usually this problem has been solved by the fluid dynamic
community by using a Maxwell distribution function for elec-
trons. This assumption is dropped in this article where we pre-
sent preliminary results obtained by coupling the vibrational
kinetics and the Boltzmann equation for free electrons. In do-
ing so we assume a flat profile of ionization degree in the
boundary layer (i.e., we completely disregard ionization—re-
combination kinetics for free electrons). This assumption, even
though not completely valid for hypersonic flow conditions,
allows easy treatment of electron—molecule processes.

Numerical Model

The numerical model of boundary-layer hypersonic flow has
been widely described in previous works.' > It consists of per-
forming self-similarity coordinate transformation to Navier—
Stokes equations to obtain one-dimensional vibrational ki-
netics,' =
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and T, equation,'~*

T,
ang + Prf(n) £ = —LeS; 2

from which we calculate the temperature profile and the vi-
brational distribution function (VDF) along a coordinate 7 nor-
mal to the vehicle surface. The c, are the local mass fraction
p./p of the vth species (for v = 0 + 45 it is nitrogen molecules
in vth vibrational state, and for v = 46 it refers to nitrogen
atoms).

The f(7) is calculated according to the Blasius approxima-
tion, the validity of which requires constant Prandtl and up
values in the boundary layer (u is the viscosity). These re-
quirements are not completely satisfied in our conditions. Note,
however, that for the ionization degrees considered in the pres-
ent article, free electrons do not appreciably change both the
viscosity and the translational thermal conductivity of the mix-
ture. Both S, and Sy are source terms because of collision pro-
cesses. Note that we are neglecting radiation transfer that could
be important in the calculation of surface heat transfer in thin
boundary layers.

The source terms can be expressed as the sum over all the
processes considered (see Refs. 1-5 for details),

S,=a 2 Comrorw, a)

dwb

S, = Evbswa) |
r=a c Cobrerwd)

dwb P

3

where v, b are the indexes of the reacting species; w, d are the
indexes of the products; the energy exchanged in the direct
process is Eq 4 _w.ay Cp is the constant pressure specific heat
including only translational and rotational contributions; and

Comomd) = KuwdrmwnCuCa —

ScP
= = d P|,
a KT,B(L + ) B = ||gra "ms

K(v.b)—)(w.d ¥CCp ( 4)

The pressure gradient at the stagnation point 8 can be consid-
ered as representative of the inverse of the residence time of
a particle in a point of the boundary layer.

The vibrational kinetics include v—v (vibration—vibration),
y—T (vibration—translation) dissociation and recombination
processes.'~* Recombination selectively pumps levels v = 25
and v = 45 as discussed in Refs. 1-5.

Electron kinetics have been studied solving the Boltzmann
equation for electron kinetics in homogeneous, quasi-isotropic
approximation,’

- an(s) — a(JE + Jel + Je—e)
ot de

+ Sln + Ssup (5)

where Jg, J, and J,_, are the contributions because of E, el,
and (e—e). These terms represent diffusion of electrons in en-
ergy space, S, and Ss“,, are source terms from inelastic and
superelastic collisions.”~® In the first case, electrons lose en-
ergy, the reverse being true for superelastic collisions. The two
terms have the form

S.= D NJQy(e + e9n(e + &) = Q&ne)]  (6)
P

where the x can be inelastic or superelastic, p numbers the
collision process, N, is the particle density of the molecules
involved in the collision, £* is the energy exchanged in the
collision (positive for inelastic and negative for superelastic),

and Q,(¢) is the collision rate for electrons with energy e,
given by

Q,(e) = v(e)o,(e) )

where v is the electron speed and o, is the cross section of the
process.

Phys1cally, Eq. (5) is valid when electron elastic colhsmn
frequency is h1gher than inelastic and superelastxc ones.’

Moreover, since electron diffusion is much faster than vi-
brational kinetics (because of the corresponding rate coeffi-
cients), we can assume that electron kinetics will follow in a
stationary way the vibrational kinetics. Therefore, electron en-
ergy distribution functions (EEDFs) can be calculated at the
statiosnary conditions with the algorithm discussed by Capriati
et al.

The linking of the two models considers as input of the
electron kinetics, the molecular density, the molar fraction of
atomic and molecular nitrogen, vibrational excited states frac-
tion [N,(W/N,] [i.e., N; in Eq. (6)], and the local gas tempera-
ture, calculated by solving the system of Egs. (1) and (2), and,
as input of vibrational kinetics equations, the rate coefficients
of the vibrational excitation (inelastic) and deactivation (su-
perelastic) from electron impact processes:

e+ Ny0) & e + Ny(1 = 8) (8)

The model of N, considered for the electron kinetics is de-
scribed by Capitelli® and Colonna et al.’; and the electron im-
pact cross sections for molecular and atomic nitrogen have
been taken from Phelps et al.'’ and Cacciatore et al,' re-
spectively.

Another approximation made in this article is to consider
frozen ionization kinetics. Therefore, we consider a (which is
the ratio between electrons and heavy particle densities), as a
parameter independent of the position. This parameter is very
important for the model because the electron collision fre-
quency is proportional to a.

The bulk of our results has been obtained in the absence of
an electric field. These conditions are similar to those occur-
ring in postdischarge conditions® (soon after the switchoff of
the electric field), where a strong coupling between nonequi-
librium vibrational distributions and non-Maxwell electron en-
ergy distribution functions have been observed. The presence
of an electric field has also been studied by considering it as
a free parameter.

In the electron kinetics e—e and e—i coulomb collisions have
been neglected because their insertion needs large computa-
tional times because of the nonlinear terms introduced in the
Boltzmann equation by e-e collisions (see Ref. 9).

Note, however, that in some of the reported conditions («
= 107*) e—e and e—i collisions can be important.’

The vibrational kinetics and the temperature equation need
boundary conditions on the vehicle surface (1 = 0) and at the
edge of the boundary layer (7 = 7). We fixed the temper-
atures on both extremes of the boundary layer (7, on the wall
and 7, at the edge). For the vibrational kinetics we assume that
at the edge of the boundary layer the VDFs are characterized
by a Boltzmann distribution at 7, = 7, and that the surface is
not catalytic (VDF derivatives are null at 7 = 0). The atomic
mass fraction has the same boundary conditions as the vibra-
tional distribution.

The results shown in this work have been calculated fixing
the surface temperature at T,, = 1000 K, while two edge tem-

Table 1 Considered cases

Case T., K Atoms
(2) 7000 No
®) 7000 Yes
©) 5000 No
(@) 5000 Yes
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peratures (7, = 5000 K and T, = 7000 K) have been considered.
The latter determines the atomic mass fraction in all of the
boundary layers and, as a consequence, the collision frequency
of processes that involve atoms.'*

To analyze the role of collisions with atoms, we perform
calculations both including and neglecting the presence of at-
oms. In brief, we explore conditions listed in Table 1. Note
that cases (a) and (c) do not consider the processes of disso-
ciation and recombination in the master equations, while cases
(b) and (d) do. In all the cases considered, the pressure has
been fixed at 10° Pa and the parameter 8 at 10° s™'. Note,
however, that the results mainly depend on the ratio P/B.

Output Description

The model described previously gives as output the VDF,
the atomic mass fraction (AMF), the EEDF, and the gas tem-
perature profile.

Note that vibrational and electron energy distributions are
not calculated by commonly used fluid dynamical numerical
codes, which on the contrary characterize them with different
temperatures. This procedure implicitly assumes the existence
of a Boltzmann distribution for the vibrational states and a
Maxwell distribution function for the translational energy of
free electrons.

In our case, since the distributions we are dealing with can
be very far from Maxwell or Boltzmann, the concept of tem-
perature loses a physical meaning. However, it is still possible
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Fig. 1 EEDFs at different distances 1 from the surface without
A-M collisions at a = a) 10”7 and b) 10~ [conditions: case (a) of
Table 1].

to define a temperature for each distribution, referring to quan-
tities that are directly related to the temperature in the case of
Boltzmann or Maxwell distributions.

We define an electron temperature as

Toe = %Ee.lecl ®

where

Euew = f &-EEDF(¢)-de (10)
0

is the electron mean energy.

The vibrational temperature is defined in a different way:
results calculated neglecting e—M collisions'~® show that at
low vibrational quantum number (v = 10) the VDFs present
a Boltzmann trend, therefore, we chose as 7, the quantity

T, = [(E\ — Eo)/kl€n(colcy) an

where E, and c, are, respectively, the energy of the first vibra-
tional excited level and the molar fraction of molecules in that
level; while E, and ¢, refer to the ground state. From the
EEDFs it is possible to calculate e—M rate coefficients. From
the vibrational kinetics point of view the rate coefficients of
electron collision processes are proportional to o, therefore,

10 _—11:0
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Fig. 2 VDFs at different distances 7 from the surface without
A-M collisions at « = a) 10”7 and b) 10~* [conditions: case (a) of
Table 1].
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we consider as a rate coefficient of the process p, the quan-
tity,””®

R, = J' Q,(e)-EEDF(¢e) - de (12)
o

where the symbols are the same as Eq. (7). This quantity con-
tributes to the source terms of Eq. (1), adding other terms at
Eq. (3) of the same form as those in Eq. (4), where the rates
K assume the value

K,=(1 + cy)aR, . (13)

Equation (13) suggests comparing aR, (for e—M) with the
atom—molecule (A—-M) collision rates to understand which is
the dominant process. In this work we focus our attention on
e—M vibrational excitation (p = 0 — v) and deactivation (p =
v — 0).

Results: EEDFs and VDFs

To understand the role of e—M collisions it is important to
analyze EEDFs (Fig. 1) and VDFs (Fig. 2) in different con-
ditions. In particular we compare the distributions in the case
where the a—M collisions have no effect (Fig. 1), with that
one in which these collisions are important (Fig. 2) for the
vibrational kinetics. The results reported in Figs. 1 and 2 refer
to case (a) of Table 1. Similar results have been obtained in
the other cases.

In Fig. la it can be seen that, at low ionization degree, the
EEDFs change slowly with the distance 7 from the vehicle
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surface. The same characteristics can be observed for VDFs
(Fig. 2a), especially at low vibrational quantum number (v <
20). At high a, both EEDFs (Fig. 1b) and VDFs strongly de-
pend on the distance from the vehicle, and in particular they
become lower moving towards the surface. From these results
it can be deduced that electron kinetics are governed by the
VDE. Note, in fact, that for the studied case [i.e., case (a)],
where recombination and dissociation kinetics have been ne-
glected), electron—-atom collisions have the same effect in all
of the boundary layers because the mass fraction of atomic
nitrogen is constant. Moreover, the effects of coupling electron
and vibrational kinetics in the boundary-layer equations can
be deduced from Figs. 1 and 2. The EEDF gains energy only
from vibrational excited states of molecular nitrogen by means
of superelastic collisions [reverse processes in Eq. (8)]. These
processes are very efficient because they involve low-energy
electrons; in fact, the EEDFs have very high values at low
electron energies. As a consequence, superelastic collisions
cool the VDF (because of the energy transfer to electrons).
The final result is that both EEDFs and VDFs become colder
moving from the external to the surface. The effect of e-M
collisions depends on the distance from the external, where the
distributions are fixed. The characteristic length of the e—M
process is a function of the product between the diffusion time
and the e—M collision frequency. Another important feature is
that EEDFs and VDFs are far from Maxwell and Boltzmann
distributions. This last point can be better appreciated remem-
bering that equilibrium distributions (Boltzmann and Maxwell)
should appear as straight lines in the plots of Figs. 1 and 2.
To study the role of the ionization degree on EEDFs and
VDFs is useful to focus our attention on the distributions near

VDF
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Fig. 3 VDFs adjacent to the surface at different values of a [labels a), b), c), and d) refer to the conditions listed in Table 1].
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Fig. 4 e-M (R) and v-T (K) by atoms rate coefficients as a function of the vibrational quantum number at the external (I and II) and
at the vehicle surface (III and IV) [I and III refer to case (b) and II and IV refer to case (d) of Table 1], at & = 107>,

the surface, where the effect of e—M collisions is more im-
portant. In Figs. 3a—3d we have reported the VDFs for the
different conditions of Table 1 (the letter that labels the graph
refers to the column case in the table). We observe that e-M
collisions are important only in the absence of the recombi-
nation—dissociation processes [i.e., for cases (a) and (c) of
Table 1}, losing their importance in the presence of the
recombination—dissociation processes [i.e., for cases (b) and
(d)]. Note that in this last case the maximum in the vibrational
distribution at v = 25 (see Figs. 3b and 3d) is the result of the
selective pumping of this vibrational level by the recombina-
tion process (see Refs. 1-5). Since the molar fraction of
atomic nitrogen strongly increases with increasing 7,, the v—
T terms dominate the e—M ones at T, = 7000 K, while at 7,
= 5000 K, v-T and e—-M terms have similar importance.

When A-M collisions are neglected (Figs. 3a and 3c), e—
M collisions are very important, cooling the VDFs as seen in
Fig. 2. It seems that this phenomenon behaves like a phase
transition in which a is the order parameter: when a < 107°
e—M collisions have no effect, the reverse being true for o >
1077,

To understand this behavior it is useful to compare v—T and
e—M rate cocfficients in some fixed points of the boundary
layer (i.e., at the external and near the vehicle surface). In Fig.
4 we have reported these rates for cases [(b) and (d)] in Table
1. It is evident that the governing processes are the deactiva-
tion of excited states (both for e—M and v-T). Since the e—~
M rates are proportional to the ionization degree [see Eqs. (12)
and (13)], these rates will lose their importance at low ioni-
zation degrees.

Results: Temperatures

In the previous paragraph we have analyzed the behavior of
electrons and vibrational state distributions. The quantities
commonly considered in hypersonic fluid dynamics are the
temperatures of each degree of freedom (i.e., gas, electron, and
vibrational temperatures). The gas, vibrational, and electron
temperatures are shown in Fig. 5 for conditions of case (b) of
Table 1. The e~M collisions have an appreciable effect on the
temperature profiles for & = 107* In particular, their presence
decreases all of the reported temperatures.

This behavior is a consequence of the VDFs cooling (see
Figs. 2 and 3), because of the superelastic e~M collisions.
Therefore, an energy flux is established from translational to
vibrational degrees of freedom, because of v—T collisions (es-
pecially those with nitrogen atoms), to compensate the losses
of vibrational energy because of superelastic collisions. In this
way the gas temperature decreases.

The EEDFs follow the VDFs (as explained in the previous
section), and therefore, 7., also decreases.

The global effect is an energy flux from translation to vi-
bration and then to electrons. In this way the heat flux to the
vehicle surface decreases when the ionization degree increases,
as can be seen in Fig. 6, where the temperature gradient per-
cent variation (with respect to the case in which no electrons
are present) as a function of a has been reported in the con-
ditions listed in Table 1. '

The greatest effect is observed in case (b) where the percent
variation of the temperature gradient can be more than 15%.
This feature can be explained by the fact that the prevalent
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Fig. 5 Gas (g), vibrational (v), and electron (elect) temperatures
at different « calculated for case (b) of Table 1.

processes are the v—T by atom collisions, therefore, the higher
the atom density, the higher the energy flux from translation
to vibration.

A common assumption in the used hypersonic flow models
is that electron temperature is linked to the vibrational one.
The results we obtain are a little more complicated, showing
a dependence of T, on both T, and T,.

Presence of Electric Fields
In previous papers we have completely neglected the pos-
sibility of the existence of electric fields as a result of the
different mobilities of electrons and ions. In this case one
should solve a Poisson equation to obtain the electric field to
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Fig. 6 Temperature gradient percent variation to the vehicle sur-
face as a function of « for conditions listed in Table 1 (the curve
labels refer to the column case in the table).
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Fig. 7 Vibrational excitation e—M rate (multiplied by & = 107
as a function of the reduced electric field (E/N).
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Fig. 8 VDFs adjacent to the vehicle surface ( = 0) as a function
of the reduced electric field (E/N).
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be inserted in the Boltzmann equation. This approach is be-
yond the scope of this article.

An estimation of the importance of electric fields in affecting
the vibrational kinetics can be done by parametrizing E, i.e.,
by solving the Boltzmann equation with different E/N values
(N is the total number of neutral particles).

A sample of results has been reported in Figs. 7 and 8 for
conditions different from those reported in Table 1 (i.e., P =
10° Pa, 8= 10s"!, T, = 7000 K, T, = 1000 K, no atoms). All
of the results refer to n = 0. In particular, Figs. 7 and 8 re-
spectively report e—M rates and VDFs as a function of the
reduced electrical field E/N (17, = 107" Vem?).

Reduced electrical fields higher than 107'® Vcm? strongly
affect the vibrational kinetics. In particular the inelastic e~M
collisions are able to introduce vibrational quanta in the vibra-
tional manifold from the bottom. These quanta are then redis-
tributed by V-V energy exchange processes ending in a strong
overpopulation of VDFs. The vibrational distributions near the
surface (see Fig. 8) present a long plateau similar to the cor-
responding distributions occurring under plasma conditions
(see e.g., Ref. 6).

Conclusions

In this article we have presented for the first time, to our
knowledge, an attempt to couple electron and vibrational ki-
netics in the boundary layer surrounding a body hit by a hy-
personic flow of active species including free electrons.

The results show a strong nonequilibrium character of both
electron and vibrational distributions so that the fluid dynamic
codes based on the concept of temperatures can be open to
question.

The present results can be improved either by adding
ionization—recombination kinetics for free electrons or by con-
sidering electron—electron and electron—ion collisions in the
Boltzmann equation. The first improvement is of paramount
importance since the assumption of constant ionization degree
in the boundary layer is the weakest point of the present
calculations.

Finally, we have shown the role of electric field, considered

as a free parameter, in enhancing vibrational distributions as a
result of the pumping of vibrational energy through electron-
molecule collisions.

The present results, even though of a qualitative nature, in-
dicate the importance of treating each vibrational level as a
separate species and of solving an appropriate Boltzmann
equation for non-Maxwellian electron energy distribution
function. '
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