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State-to-State Approach in the Kinetics of Air Components
Under Re-Entry Conditions

M. Capitelli,* I. Armenise,f and C. Gorse*
University of Bari, Bari 70126, Italy

A state-to-state vibrational Kinetics for air components including recombination- dissociation processes
as well as the formation of NO through the reaction between vibrationally excited nitrogen molecules
and atomic oxygen has been inserted in a monodimensional fluid dynamic code, describing the boundary
layer surrounding a body under re-entry conditions. The results show that the formation of NO is strongly
enhanced by the nonequilibrium vibrational distribution of N, formed during the recombination process.
This kind of distribution is responsible for the non-Arrhenius behavior of dissociation constants of N,
and O, as well as the NO formation rate as a function of instantaneous temperature.

Nomenclature

kinetic terms

¢, = specific heat at constant pressure including only
rotational and translational degrees of freedom

= pn)p(n)

vibrational energy of the vth vibrational level

stream function

pseudo-first-order dissociation constant

pseudo-first-order formation rate

pressure

temperature at the edge of the boundary layer

wall temperature

longitudinal speed at the edge of the boundary

layer

Vv vibrational- translational energy exchange

processes

Vv vibrational- vibrational energy exchange

processes

body-parallel coordinate

body-normal coordinate

du./dx

body-normal coordinate

T(n)IT,

body-parallel coordinate

local mass density of molecules in the vth

vibrational state

local total mass density
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Introduction

ONEQUILIBRIUM vibrational distributions and non-Ar-

rhenius behavior of dissociation constants of nitrogen in
the boundary layer of hypersonic flows have been recently
discussed by our group. This behavior was attributed to the
pumping of high N, vibrational levels through the recombi-
nation process, followed by the redistribution of the introduced
vibrational quanta by V-V and V- T energy transfer processes.
These results were obtained by using a state-to-state vibra-
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tional kinetics, the so-called ladder climbing model, coupled
to the fluid dynamics of the boundary layer.'> The resulting
model consists of a system of second-order differential equa-
tions describing each vibrational level of the molecular mani-
fold, plus an equation for the atoms and an equation for the
gas temperature.* ®

In this paper we have extended this model to air; i.e., to a
mixture of N, and O.. The new model solves, always in the
boundary-layer approximation, the vibrational kinetics of N,
one for O, and an equation for the concentration of NO. In
particular, the formation of NO is mainly described by the
following process:

Ny(v) + O - NO + N

the rate of which is strongly affected by the nonequilibrium
vibrational distribution of N..

The results are then analyzed as a function of the different
parameters entering the theory; i.e., p, in the boundary layer,
T.., the temperature at the edge of the boundary layer 7., and
the inverse of the residence time in the boundary layer 8. The
variation of these parameters, especially near the surface that
is considered noncatalytic, changes the importance of the dif-
ferent elementary energy exchange processes inserted in the
vibrational kinetics. As an example, strong temperatures at the
edge of the boundary layer (7. = 7000 K), accompanied by
high surface temperatures (7,, = 1000 K) emphasize the role
of the recombination process in affecting the vibrational dis-
tribution of N,; whereas lower 7, and 7, temperatures exalt
the role of the V- V up-pumping mechanism to the same goal.’

Another interesting aspect in this paper is the dependence
of the concentration profiles on the rate coefficients used in
the model. In particular, the dependence of the NO profile in
the boundary layer on the adopted set of state-to-state rates of
the preceding equation is discussed. Finally, the similarity be-
tween the present results and those occurring in expansion
flows will be discussed.

Kinetic Problem

The vibrational kinetics of air mixtures includes the follow-
ing processes:

NL(v) + No(w) <> No(v — 1) + No(w + 1) (1)
No(v) + N, <> No(v — 1) + N, 2)
N,(v) + N < N,(w) + N 3)



CAPITELLI, ARMENISE, AND GORSE 571

0,(v) + O,(w) © Ox(v — 1) + Ox(w + 1) “4)
0,(v) + 0, Ox(v — 1) + O, 5)
0,(v) + 0 < O0(v — 1)+ O (6)
O,(v) + N, > Ox(v — 1) + N, (7
N,(v) + O & N,(v — 1) + O ®)

Nx(v) + O & NO + N 9)
N +0O,«< NO +0 (10)
NO+MeaeN+O+M an

Basically, we solve a vibrational kinetics for N, and O- cou-
pled together through reactions (7-11). Reactions (9-11) are
the main channels forming and destroying NO.

Concerning the dissociation-recombination reactions for N,
and O,, we consider a pseudolevel (v' + 1) located just above
the last bound level of the diatom (v'), through which passes
the dissociation-recombination reaction; i.e., we consider the
following elementary processes™:

NL(V) + No(0 ) > No(v — 1) + No(v' + 1)< No(v — 1) + 2N
(12)

No(v') + No> No(v' + 1) + N2> 2N + N, (13)
N>(v) + N> N,(v' + 1) + N < 3N (14)

0,(V) +0,(1)e>0,(v —1)+ O,(vV +1)<> O,(v—1) + 20
(15)

0,(v') + 0, 0x(v' + 1) + 0,>20 + O, (16)
0,(')+ 0 0x(v' +1)+ 0+ 30 17

In the zero-dimensional kinetics, we write a set of coupled
first-order differential equations, giving the temporal evolution
of each vibrational level in the presence of the elementary
processes reported in the preceding text. In this approach, the
density of the atomic species is seen as two times the concen-
tration of the corresponding pseudolevel. For NO we consider
only the ground vibrational level.

Input Data

In previous works® ® we have reported the rate coefficients
of V-V and V-T processes involving vibrationally excited ni-
trogen molecules with nitrogen molecules and atomic nitrogen,
and so we will report here the rate coefficients of the other
processes.

The rates of processes (4-6), involving oxygen molecules
and atoms, can be denoted as KO\, K20,,_,, and K10,,,_,,
respectively. They have been put in the following analytical
form by interpolating and extrapolating the values given in
Refs. 10 and 11:

KO =28 X 107" T (v + D(w + 1)
X exp[2.4(v — W)/\/7w cm’/(s X part) (18)

with v = w:

K20,,_,=v XaXexp[b Xy —1)] cm’/(s X part) (19)

with a = T/[1.8 X 107 exp(122/T"%) X [1 — exp(—2273.7/
T)] and b = 2.99"/T:

EC?—EY 0.7 X 107"
124X 107" exp(30/T"3)

Ki10,,.,=Bv—2) cm’/(s X part)

(20)

in which oxygen vibrational energy E° is in cm™".

The rates of the V- T processes (7) and (8), involving both
nitrogen and oxygen are, respectively, P20,,—, and PIN,,_y;
for these rates we have used the following closed forms based
on the data of Refs. 12 and 13:

P20,,=1/[3.8 X 107 X T X exp(140/T"?)
X [1 = exp(—3394,9/T)]]

P20,,-,=v X P20, X exp[4.50 = 1)/\V/T] cm*/(s X part)
21

PIN,,_,=5X 1072 X v X exp[1.58(v — 1)/\/7_"]
X exp(—lZS/\/f) cm’/(s X part) 22)

The reaction rates involving N,(v) and atomic oxygen [pro-
cess (9)] have been calculated according to the following ex-

. 14,
pressions

at 5 (E, + 3000)”

O RioN= —a X exp[38370 X a4/T
+ E, X a5/T)] cm’/(s X part) 23)

with E, = 3395 X v X [1 — 6217 X 107> X (v + 1)]

The parameters al, a2, a3, a4, and a5 entering the equation
take different values, depending on the vibrational quantum
level range. For v = 0- 8 these parameters assume the follow-
ing values: al = —23.044680, a2 = —0419312, a3 =
—0.37836, a4 = 0.99243, and a5 = 0.989385. For v = 9-12
they read: al = 1.423118, a2 = —3.42306, a3 = —1.4234, a4
= —0.919692, and a5 = 0.917323. Finally, for v = 13-23 we
have: al = —96.75885, a2 = 6.480504, a3 = —0.279371, a4
= —0.037869, and a5 = 0.019647. The last parameters have
also been used to extend the v range up to the last considered
vibrational level of nitrogen, i.e., v = 45. The coefficients of
process (10) are givenlS:

QNoN 8.4 X107 X exp(—19450/T)
002 6.023 X 10>

cm’/(s X part) (24)

Finally, the rates of NO dissociation process (11) are the fol-
lowing'"™:

Q™ =5 X 10" X exp(—75500/T)

/(6.023 X 10®) cm¥/(s X part) 25)

OV =1.1 X 10" X exp(—75500/T)
/(6.023 X 10%) cm’(s X part) (26)

Q% =5 X 10" X exp(—=75500/T)
/(6.023 X 10®) cm¥/(s X part) 27

0°=1.1 X 107 X exp(—75500/T)
/(6.023 X 10®) cm¥/(s X part) 28)

Q™ = 1.1 X 107 X exp(—75500/T)
/(6.023 X 10%) cm’(s X part) (29)
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The rates of the reverse processes have been obtained by
using the detailed balance principle. This method has been also
applied to obtain the rates from the pseudolevel to the other
levels, whereas the excitation rates to the pseudolevel have
been obtained by extrapolating the bound-bound transitions
to bound-continuum ones. This point is the weaker point of
the ladder-climbing model.’

Reaction (9) plays an important role in our results: use of
Eq. (23) yields some discontinuity in the vibrational distribu-
tion of N, The following alternative equations'® have been
proposed is:

QRN = 1.3 X 107" X exp(=38000/7) if v =0-12
(30)
OMon= 107" if v =13-45 G31)

for the direct processes and

1.8 107" T
Qg.(l)\igv) = T X ﬁ it v=3,4 (32)
0N =0 if v=3.4 (33)

for the reverse ones. We have used both formulations to assess
the dependence of our results to process (9).

Boundary-Layer Equations
The kinetic model has been inserted in the fluid dynamic
equations describing the boundary layer surrounding the body
flying at hypersonic velocity.
The resulting system of differential equations assume the
following form:

81

=D B, )X C; v=0-81 (34)

i=0

46 L 81
e
—% X E™ B(v, i)C,
Ec,,xn [E -0 }

v=0

C" + X Se X C!

"+ fX Prx o

80 81

Le
+ D, ———XE> B(v, i)C.}
81

81
L
+ > === X EY [E B(, i)C,} (35)
e, X T,

i=0

The first 82 equations are the continuity equations of each
species: 45 vibrational levels of nitrogen molecules, one pseu-
dolevel representing nitrogen atoms, 33 vibrational levels of
oxygen molecules, a pseudolevel for oxygen atoms, and one
equation for NO molecules considered only in the ground
state. The last equation is the energy one. Electronically ex-
cited states as well as free electrons were completely ignored.

In these equations, C, = p./p, p, is the mass density of the
vth vibrational level, p is the total mass density, and ¥ = T/T,
is the ratio between the gas temperature in the boundary layer
and the temperature at the edge of the boundary layer.

The derivatives have been performed with respect to the
coordinate normal to the surface m, that is the only direction
considered in our calculations thanks to the Lees- Dorodnitsyn
coordinate transformations:

&= f pot, dx (36)

(0]

u ”
=— d 37
n \/2_§ J(; p ay 37)

Therefore, we have calculated nitrogen and oxygen vibrational
distribution functions, atomic nitrogen, atomic oxygen and NO
population densities, and temperature along the coordinate n
normal to the surface.

The following boundary conditions have been considered at
the edge of the boundary layer (n = 4): fixed values of tem-
perature (T = T.), density (p = p.), and pressure (p = p.),
together with equilibrium vibrational distribution functions c,
= (c,)., while on the surface a fixed temperature T = T,, and
noncatalytic wall (dc,/dy),, = 0. Moreover, at i = 4, the con-
centrations of N», N, O,, O, and NO are approximately those
corresponding to equilibrium at 7, and p, (Ref. 3).

The parameters entering the theory are the pressure, the tem-
peratures 7, and T,,, and the B value, which in this approach

10°
n=0.00
w i n=0.82 ]
o -2 n=1.64
5 1077 nzae T
5] n=3.28
H 1 n=4.00 I
oot )
b 10779 r
w
e 1
o o107°
<] N
s E \ R 3
+ 2 \ e
ER. \ N TR r
107 T ™ bt T > P
0 10 20 30 40 50
a) v
1074 1 1 1 1 1 1
1- 1=0.00
173 -1 2- 11=0.82 2
g . 3- n=1.64
— 4- n=2.46
o 5- 1=3.28 %
2 6~ 1=4.00
=
5 B
0
-
o] I
.
@
g —— I
=t ——
E ’ "’rv__—_: r
H :
o
> " r
10'12 T T T T T T
0 ) 10 15 20 25 30 35
b) v
1072 i | ] 1 1 1 ]
107 3
3 E
oy 0t ] F
7 10 r
<] E F
3} s o
9107 3
o 3 E
84 -6 ] [
o 107 ]
= 3 3
-7
10 " r
3 E
-8 T r
10 T T T T T T T
0 0.5 1 1.5 2 2.5 3 3.5 4
c) n

Fig. 1 Vibrational distributions of a) N, and b) O, at different n
values, and ¢) NO profile as a function of m at 7,,= 300 K, T, =
5000 K, p. = 1000 N/m> and B8 = 5000 s "
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can be considered as the inverse of the residence time of the
particles in the boundary layer. The corresponding values have
been selected for reproducing realistic flow conditions.’

Details about the boundary-layer equations as well as the
ladder climbing model used for the kinetics can be found in
Refs. 1-6, 17, and 18.

Results

Vibrational Distributions and NO Profiles

Let us first discuss the form of the vibrational distribu-
tions of N, and O, in the boundary layer as well as the pro-
file of NO along the 1 coordinate. We have selected the fol-
lowing conditions for pressure and B8: p. = 1000 N/m” and
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Fig.2 Vibrational distributions of a) N, and b) O, at different n
values, and ¢) NO profile as a function of p at T,,= 500 K, T, =
5000 K, p. = 1000 N/m?> and B = 5000 s™".

B = 5000 s”, while we consider different values of the 7./T,
pairs. We present results for both choices of the rates of
the process yielding NO from vibrationally excited N> and O
atoms.

We will call the results obtained by using Eq. (23) model I,
and those obtained by Eqs. (30-33) model II. Let us first ex-
amine the I results. Figures 1-3, parts a and b, report the
vibrational distributions of N, (1a-3a) and of O, (1b-3b) at
different i values, while Figs. 1c-3c report the profile of NO
as a function of m. The figures differ from the value of the
surface temperature that assumes three different values (7, =
300, Fig.1; 500, Fig.2; and 1000 K, Fig. 3), while the other
parameters (p. = 1000 N/m? T, = 5000 K; B = 5000 s are
kept constants.
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Fig. 3 Vibrational distributions of a) N, and b) O, at different n
values, and ¢) NO profile as a function of n at T',,= 1000 K, T, =
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Fig. 4 Vibrational distributions of a) N, and b) O, at different n
values, and ¢) NO profile as a function of p at T',,= 300 K, T, =
5000 K, po.= 1000 N/m> and 8 = 5000 s ", and using rates from
Ref. 15 for process (9).

Recall that the temperature profile degrades from the edge
of the boundary layer (7 = 4) to the surface (n = 0), so that
the temperature decreases with decreasing 7. Inspection of the
different figures shows a highly nonequilibrium character of
the vibrational distribution of N, near the surface. This behav-
ior tends to disappear with increasing surface temperature. The
same trend is shown by the vibrational distributions of O,, the
concentration of which is very small because of the high dis-
sociation degree of O,.

Both distributions are pumped by the recombination process,
which populates the high-lying vibrational levels of the dia-
tomic species. The introduced vibrational quanta are spread
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Fig. 5 Vibrational distributions of a) N, and b) O, at different n
values and ¢) NO profile as a function of pat 7,,= 500 K, T, =
5000 K, p. = 1000 N/m> and 8 = 5000 s, and using rates from
Ref. 15 for process (9).

by V-V and V-T energy exchanges processes; in the case
of N,, the reaction for the formation of NO represents a strong
deactivation channel for the corresponding vibrational dis-
tribution. The small concentration of molecular O for the stud-
ied conditions justifies the neglection of V-V’ energy
exchange processes between vibrationally excited O, and N,
molecules.

The role of surface temperature in decreasing the nonequi-
librium character of the N, vibrational distributions is reflected
also on the profile of NO concentration along 1. We observe
that the flat minimum present in the profile at 7,, = 300 K
tends to disappear at 7,, = 1000 K with an intermediate be-
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Fig. 6 Vibrational distributions of a) N, and b) O, at different n
values, and ¢) NO profile as a function of p at 7,,= 1000 K, 7, =
5000 K, p. = 1000 N/m> and 8 = 5000 s ", and using rates from
Ref. 15 for process (9).

havior at T,, = 500 K. Note also that the concentration of NO
decreases by orders of magnitude passing from 7, = 300- 1000
K. This is because of the decrease of the reaction rate of pro-
cess (9), with increasing T,, caused by the corresponding de-
crease of the vibrational distributions of No.

Figures 4-6 report similar results for model II. These re-
sults can be read on the same basis of Figures 1-3. Quali-
tatively, we obtain the same results. On the other hand, strong
differences are observed in the absolute values of the vibra-
tional distributions of N.. In this case (i.e., case II), the vi-
brational distributions are much more pumped as compared
with the I results, as a consequence of the lower reaction rates
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Fig. 7 Vibrational distributions of a) N, and b) O, at different n
values, and ¢) NO profile as a function of n at T',,= 1000 K, T, =
7000 K, p. = 1000 N/m> and $ = 5000 s

for process (9). The lower reaction rates used in model II
decrease the deactivation of the vibrational distribution, thus
increasing their concentration with respect to the correspond-
ing values of model I. The large differences in the vibrational
populations do not strongly modify the NO profile in models
I and II because the larger vibrational distributions in model
I are accompanied by lower reaction rates in the same model,
so that the rate of formation of NO does not strongly change
in the two models.

A similar behavior is found by increasing 7.: results for the
two models have been reported in Figs. 7a-7c.

So far, all of the results have been obtained by neglecting
reaction (11). To study the sensitivity of our results to the
insertion of this process, we have inserted it in model I. Com-
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Fig. 8 Pseudo-first-order dissociation constant of a) N, and b)
0, and ¢) NO formation rate vs 1/T at T,,= 300 K, 7. = 5000 K,
p.= 1000 N/m? and 8 = 5000 s, and using rates from Ref. 15
for process (9).

parison of the obtained results with those of Fig. 7 shows that
only the NO profile is affected by reaction (11) from =1 to
0. In particular, the NO concentration calculated by inserting
reaction (11) is one order of magnitude higher at p = 0.7 and
three times higher at i = 0 than the corresponding values ob-
tained without inserting reaction (11). This implies that reac-
tions (9) and (11) are competitive in forming NO in the low
and intermediate temperature ranges.

Dissociation and Reaction Rates

The large deviations of vibrational distributions from Boltz-
mann ones should be indicative of nonArrhenius behavior of
dissociation and reaction rates along the m coordinate, i.e.,
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Fig. 9 Pseudo-first-order dissociation constant of a) N, and b)
0O, and ¢) NO formation rate vs 1/T at T,,= 1000 K, 7. = 5000
K, p.= 1000 N/m? and B = 5000 s ", and using rates from Ref.
15 for process (9).

along the instantaneous temperature met by the molecules in
the boundary layer.

According to the ladder-climbing model, we can define a
dissociation rate for N, (part cm > s7") as the sum of the dif-
ferent energy exchange processes

dN(46)
dr

+ > KINNLwN + > QRON00 = kNyoe  (38)

= E K ?f;gl—lNz(45)N2(W) + K2N4sn\N2(45)N>

The first term on the right-hand side of Eq. (38) is the contri-
bution from the V-V terms, the second and the third ones are
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from the V- T terms induced by molecules and atoms, and the
last one is from process (9). N, is the total number density so
thatk, (s™") is a pseudo-first-order dissociation constant. A sim-
ilar equation holds for O,.

Concerning NO formation, we define a pseudo-first-order
formation rate k, (s™") as

k= Na()Q (39)

The different pseudo-first-order rates have been reported in
Figs. 8 and 9 for the same conditions of Figs. 4 and 6 (model
IT). A strong non-Arrhenius behavior of the rates vs instanta-
neous 1/T values appears, the nonequilibrium character tending
to decrease with increasing 7T,,. In particular, the pseudo-first-
order dissociation constant of N, presents a deep minimum vs
1/T at T,, = 300 K, i.e., the dissociation constant follows an
Arrhenius behavior at high temperature, while a given tem-
perature on the dissociation rate increases with decreasing gas
temperature (increased values of 1/T). A similar behavior is
observed at T,, = 500 K. At T,, = 1000 K (Fig. 9) the non-
equilibrium character of rates is strongly reduced.

A similar behavior is presented by the rate of the formation
of NO (Figs. 8c and 9c¢), since both the dissociation of N, and
the formation of NO are strictly linked to the nonequilibrium
vibrational distribution of N..

Some differences are observed with the dissociation of O»:
in this case we observe a completely non-Arrhenius behavior
of the dissociation constant caused by the corresponding non-
equilibrium vibrational distributions. In this case, however, the
dissociation rate is very small because the O, molecule is al-
most completely dissociated in the boundary layer.

The results depend on the input data: in particular the
NO profile depends on the used set of vibrational state de-
pending rates. The two sets of cross sections used in the pres-
ent work can be considered as the upper (model I) and lower
(model II) limits. The rates recently calculated™ ?' are in be-
tween the corresponding values calculated with the two used
models.

Conclusions

In this paper we have presented results of calculations of
vibrational distributions and dissociation, and the formation
rate constants in the boundary layer of re-entering body in
atmospheric air. The results confirm previous ones obtained
for pure nitrogen, i.e., the presence of highly non-equilibrium
vibrational distributions as well as the recombination process.
These distributions promote the formation of NO through the
reaction of vibrationally excited molecules with atomic oxy-
gen. A corresponding non-Arrhenius behavior of the different
rate constants is observed along the coordinate perpendicular
to the body assumed to be noncatalytic.

The present results indicate that the magnitude of nonequi-
librium increases with decreasing surface temperatures. In this
sense, our results should be very close to those that can be
obtained in expansion flows through a nozzle when the trans-
lational temperature suddenly decreases and the nonequili-
brium vibrational kinetics finds an ideal situation for creating
non-Boltzmann vibrational distribution functions. The impor-
tance of the vibrational coupling in affecting NO formation
behind shock waves has been shown.” However, the vibra-
tional temperature is less than the translational one, so that the
nonequilibrium effects are less important than those discussed
in this paper.

The present approach based on the simultaneous solution of
a ladder-climbing model for molecular species should be in-
serted in more robust fluid dynamic codes to see how this kind
of nonequilibrium can affect the whole flowfields and the tem-
perature profiles around the body. In doing so one should at-
tempt to insert in the kinetics the presence of the vibrational
levels of NO as well as the presence of electronically excited

states of N», O», and NO that have been completely disregarded
in this present paper.
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