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In the inner part of the dissociated boundary layer of hypersonic bodies, a vibrational freezing zone has been

observed. This freezing region takes place even if, in the outer part of the boundary layer, translation and vibration

temperatures are in equilibrium and even if the surface is catalytic. This phenomenon can be attributed to the

diffusion towards the wall of the vibrational energy; consequently the dissociation rate constants in this region can

increase. Advanced physical models taking into account the vibration-chemistry interaction are required for the

description of such flows. State-to-state and statistical global models are described in this paper and used in the

computation of hypersonic boundary layers. All methods can predict the general features of the freezing

phenomenon and present a qualitative agreement, as far as similar assumptions are used. Applications to boundary

layers behind a reflected shock wave and along a hemispherical body are also presented.

Nomenclature

A = chemical symbol
C = ��=�e�e
Cf = frozen specific heat, J kg�1 K�1

ci, cp = �i=�, �p=�
cv = vibrational specific heat, J kg�1 K�1

Ec = Eckert number
e = total internal energy (per unit mass), J kg�1

ev = vibrational energy, J kg�1

_ev = vibrational energy source term (inelastic collisions),
Wm�3

f0 = u=ue
f = distribution function, m�6 s3

g = h0=h0e
h = enthalpy (per unit mass), J kg�1

i, j, k, l = vibrational levels
J = collisional term (Boltzmann equation), m�6 s2

K = reaction rate constant, s�1

Le, Lev = Lewis number, vibrational Lewis number
m = elementary mass, kg
P = stress tensor
Pr = Prandtl number
p = pressure, Pa
�Q = quantity Q in equilibrium
q = heat flux,Wm�2

R = gas constant, J kg�1 K�1

r = generalized spatial coordinate
r = transverse coordinate, m
S = source term
Sc = Schmidt number
T = translation-rotation temperature, K
t = time, s
U = diffusion velocity, ms�1

u = longitudinal component of V, ms�1

u = peculiar velocity, ms�1

V = macroscopic velocity, ms�1

_w = mass source term, kg m�3 s�1

X = molar concentration, m�3

x, y = intrinsic coordinates, m
zp = cp=cpe
� = due=dx, s

�1

� = recombination coefficient at the wall
� = T=Te
@ = partial derivative
"p = evp=evpe
# = reference time
� = viscosity, kg m�1 s�1

� = stoichiometric coefficient
�, � = Lees–Levy–Dorodnitsin transformation coordinates
� = density, kgm�3

’ = first-order perturbation of the distribution function
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	 = relaxation time, s
 = Von Mises transverse coordinate

Subscripts

b = backward reaction
c = chemistry
d = dissociation
e = outer edge of the boundary layer
f = forward reaction, frozen condition
i, j, k, l = vibrational quantum levels
p = reaction product
p, q = molecular species p, atomic species q
r = rotation, reactant
s = chemical reaction
t = translation
v = vibration
w = wall condition
0 = stagnation condition

I. Introduction

I N HIGH stagnation enthalpy flows, the boundary layers around
various bodies may be simultaneously in strong vibrational and

chemical nonequilibrium. This is the case in the intermediate
hypersonic regime corresponding to conditions characteristic of
flows around reentry bodies for which the stagnation enthalpies
range from 5 to 15 MJ=Kg.

In the inner part of these boundary layers, a vibrational freezing
zone has been observed [1,2], that is the vibrational population and
consequently the vibration energy remains at a much higher level
than their equilibrium value, so that, close to the body, where the
translational temperature is strongly decreasing, the dissociation rate
constants may increase. This freezing region takes place even if, in
the outer part of the boundary layer, translational and vibrational
temperatures are in equilibrium and even if the wall may be
considered as catalytic [3]. Without dissociation, such a freezing
region has also been observed [4].

This phenomenon can be attributed to the diffusion towards the
wall of thevibrational energywhich has a characteristic diffusion rate
much higher than the deexcitation rate due to the decreasing
translational temperature: this may be easily deduced from the
dimensionless form of the macroscopic conservation and relaxation
equations. The consequence of this behavior is that the dissociation
rate constants can increase in this nonequilibrium region despite the
decrease of the translational temperature and, in any case, remain
higher than their Arrhenius equilibrium values. The phenomenon of
course is amplified by a possible noncatalytic property for the
vibration at the wall, as has been experimentally shown [5,6].

It is therefore obvious that advanced physical models taking into
account the vibration-chemistry interaction are required for the
description of such flows. Thus, in the recent past, several state-to
statemodels have beendeveloped and used especially for the analysis
of the stagnation region of blunt bodies [7–10], where the flow
quantities vary strongly and are at the origin of these nonequilibrium
phenomena. These models treat the vibrational states (or rotational-
vibrational states) as particular species and the corresponding
balance equations for vibrational populations take into account all
possible transitions including dissociation, recombination and
chemical reactions. Detailed features of the flow can then be
described by this way. On the other hand, global models including
vibration-chemistry interaction have also been used [7,11].

The essential purpose of this paper is to compare state-to-state
models recently developed in [12,13] and a global statistical model
presented and developed in [14,15] and based on the application of a
generalized Chapman–Enskog procedure. The second aim of the
paper is to show that these models give a correct description of the
boundary-layerflows and present a relatively good agreement in their
common domain of validity, for example for the determination of
dissociation rate constants.

First, the general equations of hypersonic flow in vibrational and
chemical nonequilibrium are presented, pointing out the main
parameters characterizing this type of flow and requiring a specific
modelling such as the chemical and vibrational source terms. Then
the equations of the boundary layer close to the stagnation point are
developed as a typical and important example; a general presentation
of the state-to-state (STS) models and the global (GM)model used to
solve these equations is also proposed and the results obtained by
these different methods are also analyzed for a dissociating pure gas
and a reactive mixture (air). Thus, the results obtained with the
various models show that the freezing phenomenon, the increase of
the dissociation rate constants close to thewall and the role of thewall
catalycity are correctly predicted by the presented methods. A
qualitative agreement is generally observed between the results given
by these methods, especially for the rate constants. Specific results
are also presented, such as the profiles of vibrational populations
across the stagnation point boundary layer computed with STS
methods and the evolution of the vibrational nonequilibrium and
dissociation rate constants in an unsteady boundary layer computed
with the global model.

II. General Equations

A. Mathematical Symbols and Notations

Scalar symbols are in italic, vectorial symbols in bold italic and
tensorial ones in bold block capital. Dotted symbols are used for
chemical source terms. The contracted product of ab is a:b and the
double contracted product of AB is A:B. @

@r
is the symbolic vector

with @
@x
, @
@y
, @
@z
as Cartesian components. The derivations with a prime

(such as f0) are with respect to the variable � defined by Eq. (9).

B. Conservation Equations

We consider high enthalpy flows in the intermediate hypersonic
regime, that is flows composed ofmolecules and atoms in vibrational
and chemical nonequilibrium. The Boltzmann equations for each
molecular species p and each atomic species qmay be written in the
following respective forms:

dfip
dt
� Jtrp � Jvp � Jcp (1)

dfq
dt
� Jtq � Jcq (2)

where the collisional terms J have been split into three or two parts: Jt
includes the TT (translation-translation) exchanges (elastic colli-
sions), Jtr includes the TR (translation-rotation) exchanges, Jv the
vibrational exchanges and Jc the chemical exchanges corresponding
to dissociation, recombination and exchange reactions. We assume
	tr � 	�, 	c and 	v < 	c (nitrogen for example) or 	� � 	c (oxygen
for example).

Multiplying Eqs. (1) and (2) by the general collisional invariants
(mass, momentum, energy), integrating over the velocity space,
summing over the rotational and vibrational levels and adding the
corresponding equations, we obtain the three usual global conser-
vation equations for mass, momentum and energy governing the
mixture:

@�

@t
� @:�V

@r
� 0 (3)

�
dV

dt
�� @:P

@r
(4)

�
de

dt
�� @:q

@r
� P:

@V

@r
(5)

where �,V, e, P, q, respectively, represent the density, velocity, total
energy, stress tensor, and heat flux of the mixture. However, in the
present case of vibrational and chemical nonequilibrium, it is also
necessary to know the evolution of the vibrational energy eV and the
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concentration of species �p=�. Equations (3–5), therefore must be
completed by vibrational relaxation equations (for molecular species
p) and by species conservation equations (p and q). These last
equations differ if we consider a global (statistical) model or state-to-
state models.

For the global model, we consider only one single relaxation
equation for each species p involving the global vibrational energy.
This equation is obtained by multiplying Eq. (1) by "ip, integrating
and summing over all levels. Thus, we have

�p
devp
dt
�
@:qvp
@r
� _evp � _wvp (6)

where _evp is the vibrational energy production term due to
nonreactive collisions (vibration exchange, or TV, and vibration–
vibration exchange, or VV) and _wvp the production term due to
reactive collisions (the dotted symbol means total derivative with
respect to time).

In the same way, we need species conservation equations which
are obtained by multiplying Eqs. (1) and (2) by mp and mq, respec-
tively, integrating and summing over levels. Thus, for example, we
obtain for species p

@�p
@t
�
@:�pVp
@r

� _wp (7)

where Vp � V � Up and where _wp represents the mass source term
for species p due to chemical reactions.

In the state-to-state models, the population of each vibrational
level is considered as a particular species, so that we have the
following equation for the density of species ip

@�ip
@t
�
@:�ipVip
@r

� _wip (8)

where _wip is the source term from all types of reactions including
vibrational exchanges. For atomic species, we have equations similar
to Eq. (7).

The problem is now to close this equation system, that is to
propose expressions for the source terms _evp, _wvp, _wip and _wp and
also for the transport terms P, q, qvp and Vp. This is the aim of the
physical models described hereafter. However, before presenting
these models, we develop the boundary-layer equations governing
the hypersonic flow close to bodies where dissipative and
nonequilibrium effects are particularly important.

C. Boundary-Layer Equations

Considering axisymmetric steady flows in vibrational and
chemical nonequilibrium, we apply the usual Lees–Levy–
Dorodnitsin (LLD) transformation �x; y� ! ��; �� to the previous
conservation equations, i.e.

��
Z
x

0

�e�euer
2 dx; �� �euer�����

2�
p

Z
y

0

�

�e
dy (9)

so that, with the usual boundary-layer approximations, we obtain the
following equations for the general momentum, energy, and species
Eqs. (4), (5), and (7), respectively

�Cf00�0 � ff00 � 2�

ue

due
d�

�
�e
�
� f02

�
� 2�

�
f0
@f0

@�
� f00 @f

@�

�
(10)

�
C

Pr
g0
�0
� fg0 � Ece

��
1 � 1

Pr

�
Cf0f00

�0

�
�
C

Sc

�
1

Le
� 1

�X
p

hpecpe
h0e

z0p

�0
� 2�

�
f0
@g

@�
� g0 @f

@�

�
(11)

�
C

Sc
z0p

�0
� fz0p �

2�

cpe

�
f0zp

dcpe
d�
�

_wp
��e�eu

2
er

2

�

� 2�

�
f0
@zp
@�
� z0p

@f

@�

�
(12)

where the new unknowns are f0 � u=ue, g� h0=h0e and zp �
cp=cpe and where the partial derivations (indicated with a prime) are
with respect to �.

Now, for the global model, the vibrational relaxation Eq. (6)
becomes

�
C

Sc
"pz
0
p

�0
� 1

cpe

�
C

ScLev
"0p

�0
� fzp"0p �

2�

evpe

�
f0"p

devpe
d�

�
_wvp � evpe"p _wp
��pe�eu

2
er

2

�
� 2�

�
f0
@"p
@�
� "0p

@f

@�

�
(13)

where "p � evp=evpe and where the derivations are also with respect
to �.

In these equations, Navier–Stokes expressions for P, q, qv,Vp are
used, corresponding to the first order Chapman–Enskog expansion
for the distribution functions. In the same way, nondimensional
expressions for the transport terms are used �C;Pr; Le; Sc; Ec�.

In the STSmodels, as each vibrational level ofmolecular species is
considered as a different species, we can write the continuity
equation for each species mass concentration in the following way

�
C

Sc
c0ip

�0
� fc0ip �

2�

��e�eu
2
er

2
_wip � 2�

�
f0
@cip
@�
� c0ip

@f

@�

�
(14)

where cip � �ip=� and where the derivations are also with respect to
�. Moreover, each atomic species is considered as one single species.

D. Boundary Layer Close to a Stagnation Point

The knowledge of the flow in this region is of obvious interest
particularly for heat transfer problems. It is well known that, in this
case, self-similar solutions for the previous Eqs. (10–14), exist
because at the stagnation point, we have

x� �� 0; ue � 0;
due
dx
� �; 2�

ue

due
d�
� 1

2
; r� x

so that the momentum and the species equations may be,
respectively, written

�Cf00�0 � ff00 � 1

2

�
�e
�
� f02

�
� 0 (15)

�
C

Sc
z0p

�0
� fz0p �

1

2

_wp
��cpe

� 0 (16)

In the case of global models, the transformed equations for total
energy and vibrational energy, deduced from Eqs. (11) and (13) are,
respectively, the following:

�
C

Pr
g0
�0
� fg0 �

�
C

Sc

�
1

Le
� 1

�X
p

hpecpe
h0e

z0p

�0
� 0 (17)

�
C

Sc
"pz
0
p

�0
� 1

cpe

�
C

ScLev
"p

�0
� fzp"0p �

1

2

_wvp � evp _wp
��evpecpe

� 0

(18)

In the case of STS models, the Eqs. (16) and (18) are replaced by
the following ones, deduced from Eqs. (14)

�
C

Sc
c0ip

�0
� fc0ip �

1

2

_wip
��
� 0 (19)
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The source terms _wip are due to VV, VTm (VT molecule–
molecule collision), VTa (VTatom-molecule collision), dissociation,
recombination, and exchange processes.

These equations may be further simplified if we assume constant
values for the dimensionless numbers throughout the boundary layer.
Thus, in the stagnation point boundary layer (Sec IV.A), Pr, Sc, Le,
Lev are assumed constant in allmethods. AsCmay significantly vary
in the boundary layer, it is considered as dependent of T [16] in the
global model; in the STS model, however, it is assumed constant.

The boundary conditions are the following. As �!1 (outside of
the boundary layer): f0 ! 1, g! 1, zp ! 1, "p ! 1, cip !
�ipe=�e and the physical quantities correspond to the inviscid
stagnation conditions (equilibrium, Sec. IV.A). For �� 0 (wall):
f� f0 � 0 and T � Tw (�Constant). The value of the other
quantities depend on the assumed catalytic properties of the wall.
Thus, for catalytic conditions, species concentrations and vibrational
energy take their equilibrium value at T � Tw. For noncatalytic
conditions, their normal derivatives are zero. For partially catalytic
conditions, the recombination process is proportional to the diffusion
flux of atoms toward the wall.

III. Physical Models

A. Global Model

As discussed above, the problem consists in finding expressions
for the source terms _evp, _wp and _wvp. The determination of _evp may
be simply carried out by using the harmonic oscillator model
including TV and VV exchanges between various species. Details
and explicit expressions are available in [14,15,17]. The deter-
mination of _wp and _wvp must be deduced from the set of s chemical
reactions taking place in the reactive mixture considered, that is

X
p

�0psAp
!
 
X
p

�00psAp (20)

Considering the forward and backward reactions f and b,
respectively, we have

_wp �
X
s

� _wpfs � _wpbs� �
X
s

Mp��00ps � �0ps��Kfs�pX
�0ps
p

� Kbs�pX
�00ps
p � (21)

and

_w vp �
X
s

��evp � evpfs� _wpfs � �evp � evpbs� _wpbs	 (22)

We now have to determine the rate constantsKfs andKbs and also
the vibrational energies gained or lost in chemical reactions s, i.e.
evpfs and evpbs. These quantities depend on the vibrational
nonequilibrium and may be obtained from a generalized Chapman–
Enskog (GCE) procedure.

Thus, expanding the distribution functions in a series of the
assumed small parameter 	v=# and truncating the expansion at the
first order, we have to solve the following system instead of the full
Boltzmann equation

J0trvp � 0 (23)

df0ip
dt
� J1trvp � J0cp � J1cp (24)

Details on the method used to solve this system may be found in
[18]. The first-order solution obtained for fip, that is f

1
ip � f0ip�1�

’ip� is thus valid in vibrational and chemical nonequilibrium zones
up to complete equilibrium; i.e., it takes into account the TRV
nonequilibriumwhich is at the origin of the transport terms as well as
the interaction vibration-chemistry.

Thus, explicit relations for the reaction rate constants are obtained
and they may be expressed as functions of the vibrational
nonequilibrium [14]. For example, we find for the dissociation rate
constants Kd

Kd � �Kd

�
1� ev � �ev

RT

evd � �ev
�ev

�
(25)

where �Kd is the Arrhenius rate constant and evd the vibrational
energy lost due to the dissociation. We have similar relations for the
recombination and exchange reactions. In the same way, given the
first-order solution for fip, we find expressions for evd from its
definition

evd �

P
iv

R
u Jdeiv duP

iv

R
u Jd du

(26)

For each reaction (forward, backward), we can thus determine the
loss (or gain) for vibrational energy of the involved component p,
i.e., evfps and evbps. For example, at the zero order of the distribution
function, we find a value for evd close to 0:5ed with the harmonic
oscillator model and close to 0:4ed with the anharmonic model
depending slightly on the species. At the first order of the distribution
function, the expressions aremore complex but an approximate value
of 0:3ed is used, in agreement with other determinations [15]. Thus,
the vibration-dissociation coupling appears in the expressions of the
rate constants involving molecular species and in vibrational
relaxation Eq. (6). However, the model is not capable of taking into
account the influence of the nonequilibrium on the recombination
rates involving only atomic species so that, for the corresponding

reactions we assume Kr � �Kr, but this is a commonly used
assumption.

Comparisons with Park’s two-temperature semiempirical model
[19] taking also into account the vibration-dissociation coupling
have been made for two cases. One is discussed in section 4.2.1. for
the case of an unsteady boundary layer and another has been
presented in [20], where shock detachment distances over
hemispherical bodies have been computed by both methods and
also compared with experimental results; it seems clear that the two-
temperature model significantly underestimates these distances
[7,20].

B. STS Models

The STS models have been also developed for applications to the
boundary layer of a stagnation point [2,21]; thus, hereafter, they are
presented in the framework of this application.

As discussed above, in the STS models, the molecules in the
different levels are treated as specific species [Eq. (19)]. Further-
more, starting from the energy equation written in terms of
temperature rather than in terms of enthalpy, assuming constant
values for the dimensionless numbers Le, Sc and Pr throughout the
boundary layer and assuming C� 1, we can rewrite the energy
equation in the following form

�00 � Prf�0 � ST (27)

with �� T=Te and where ST depends on the balance of vibrational
energy due to all reactions, i.e.

ST �
Le

CfTe

X
p

X
i

�epi Si� (28)

where the species p are the molecular species of the mixture.
In the same way, we can rewrite the continuity Eq. (19) in the

following form

c00i � Scfc0i � Si (29)

where Si �� Sc _wi
2��

represents the balance of the population of the ith

species due to VV, VTa, VTm, dissociation, recombination and
exchange processes andmay be classicallywritten in away similar to
Eq. (21), involving the concentrations of reactants (forward and
backward reactions), the corresponding rate constants and stoichio-
metric coefficients, i.e.
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Si ��
X
j

B�i; j�cj (30)

with

B�i; j� � Sc
�

X
s

��Y
k

��ck��
r
ks

�
��cj���

r
ks
�1�sgn��pis�Ks

�
(31)

for i ≠ j, and

B�i; i� � �
X
l

B�l; i� (32)

for i� j, and l ≠ i
Because of the difficulty in deriving the dissociation and

recombination rate coefficients from experiments, they are derived
from two main theoretical approaches: the ladder climbing (LC)
model and the quasi-classical trajectory (QCT) model.

The dissociation-recombination process in the LC model [12]
assumes that the created atoms are molecules in a vibrational level
(named pseudolevel) just above the last bounded level and that the
dissociation-recombination themselves are VV and VT processes
involving this pseudolevel. The dissociation rates are calculated by
extrapolating the VV and VT rates to the pseudolevel and the
recombination rates are calculated by the detailed balance principle.

The quasi-classical trajectory (QCT) method is a molecular
dynamics method used to calculate cross sections (and rate
coefficients) of chemical kinetics processes. It reaches its aim thanks
to the pseudoquantization of reactants and products and the classical
evolution of the system. In particular, the N2 � N collisions rate
coefficients by QCT, used in the present work, have been calculated
taking into account all the possible outcomes of the collision process:
nonreactive, reactive, dissociation, quasi-bound states. Moreover the
cross sections from each initial rovibrational state towards each final
vibrational state w have been obtained summing contributions from
any final rotational state compatiblewithw; then the rate coefficients
from a given vibrational state to each possible final vibrational state
have been calculated averaging on a given rotational temperature,
taken equal to the translational temperature. The calculations carried
out with the QCT method enable us to determine not only the VT
rates due to nitrogen atom-nitrogen molecule impact [13,22–24] but
also the dissociation rates by nitrogen atom-nitrogen molecule
impact. In the present work, the notation QCT indicates that the
dissociation due to nitrogen atom-nitrogen molecule collisions is
directly studied by using the QCT rates, whereas the dissociation due
to molecule-molecule impact is still studied as an extension of the
VV and VT molecule-molecule processes to the pseudolevel (LC
model). The dissociation due to molecule-molecule impact is still
investigated by means of the LCmodel due to the lack of data for the
corresponding QCT rates. By analogy with the atom-molecule
impact case (see Sec. IV.A.1), it is possible to estimate that the
assumption of the LC model should underestimate the degree of
nonequilibrium. It is interesting to note that quantum and semi-
classical rates for both deactivation and dissociation rates for the
system N=N2 were recently investigated by a NASA group [25,26]
using a more sophisticated Potential Energy Surface.

IV. Applications, Results, Comparisons,
and Discussion

A. Boundary Layer Close to a Stagnation Point

The behavior of the hypersonic boundary layer close to a
stagnation point is examined by solving the corresponding Eqs. (15–
19) for the case of a dissociating pure gas (N2) and a reactivemixture
(air) and with boundary conditions given in Sec. II.C. Moreover, the
following stagnation conditions have been chosen:

T0e � 6000 K; Tw � 1000 K; �� 5 
 103 s�1

A few computations have also been made for a stagnation temper-
ature of 7000 K without changing the other parameters.

These values correspond to reentry conditions corresponding to a
Mach number of about 23. Nondimensional transport terms

�Pr; Le; Sc� are assumed constant through the boundary layer, with
Pr� 0:71, Le� 1:45 for both methods, so that Sc� 0:49. In the
globalmodel,Lev � 1, [16], and chemical rate constants (Arrhenius)
and vibrational relaxation times of N2 and O2 are deduced from the
harmonic oscillator and Schwartz–Slavski–Herzfeld (SSH) models
and are taken from usual references [27,28]. NO, as usual, is
considered to be in vibrational equilibrium. Thus, in the global
model, 17 chemical reactions are considered, of which 15 are
dissociation-recombination reactions for N2, O2 and NO and 2 are
exchange reactions involving NO.

In the STS models, VV, VTm, VTa, dissociation-recombination
kinetic processesN2 � N2,N2 � N are taken into account in the case
of the pure gas (N2), and also processes O2 � O2, O2 � O, N2 � O,
NO� N in the case of air. The dissociation rate constants
(pseudofirst-order dissociation constants) are easily defined from
individual rate constants. Thus, for example, in the case of theN2=N
mixture, we have for Kd

KdNtot �
X
i

Kimax!imax�1
i!i�1 N2�imax�N2�i�

� KVTmimax!imax�1N2�imax�N2 �
X
i

KVTai!imax�1N2�i�N (33)

for the LC model, and

KdNtot �
X
i

Kimax!imax�1
i!i�1 N2�imax�N2�i�

� KVTmimax!imax�1N2�imax�N2 �
X
i

Kdi N2�i�N (34)

for the QCT model.
Similar formulas may be written for the components of air. In this

case 118 species are considered in the STSmodels: 68 forN2 (one for
each N2 vibrational level), 47 for O2 (one for each O2 vibrational
level), 1 for N, 1 for O and 1 for NO, indeed the NO molecule is
assumed in vibrational equilibrium. The vibrational energies are
calculated with the semiclassical WKB (Wentzel-Kramers-
Brillouin) method. Catalytic and noncatalytic cases are considered.

1. Case of a Pure Gas

a. Vibrational Distributions: STS Methods. Considering the
case of dissociating nitrogen, the vibrational distributions through
the boundary layer are obtained from STS methods and are
represented in Figs. 1 and 2. A strong nonequilibrium distribution
may be observed particularly close to thewall, so that in the inner part
of the boundary layer a vibrational frozen zone (ev > �ev) does exist;
this nonequilibrium is accentuated by the noncatalycity of the wall,
as this may be observed by comparing Figs. 1a and 2a or 1b and 2b.

In the noncatalytic case, the dissociation rate of the reaction
N2 � N computed by the QCT model leads to a much stronger
vibrational nonequilibrium (Fig. 1a) than that calculated by LCM
(Fig. 1b), particularly in the inner zone of the boundary layer,
whereas the LCM distribution tends to equilibrium in the outer zone.
These important differences observed between both methods
become smaller if the vibrational ladder is cut at vmax � 60 instead of
68. Details may be found in [13], however, a short discussion is
needed here. Different from the LC model where the dissociation
rates are just derived from the extrapolation of the VT rates, in the
QCT calculations the dissociation could affect the VT relaxation of
the last bound levels. Therefore the VTa rate coefficients toward the
level v� 60 are closer, although always lower, to the QCT
dissociation rates than the VTa rate coefficients towards the level
v� 67. It follows that cutting the vibrational ladder to vmax � 60
causes the QCTmodel to behave more similarly to the LCmodel. To
conclude, the LCmodel, extrapolating theVTrates in the continuum,
strongly underestimates the dynamical results.

When the surface is partially catalytic (� � 5:10�2), the distri-
butions are not too affected by themodel (Figs. 2a and 2b): the strong
nonequilibrium developed close to the wall, essentially due to the
surface recombination, suddenly drops in the boundary layerwith the
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exception of the distribution tails for which the nonequilibrium is
more important in the QCT model case (Fig. 2a).

In the fully catalytic case, in the very neighborhood of the wall
(�� 0) the distribution is close to equilibrium because the surface is
catalytic for both chemistry and vibration, whereas in the rest of the
boundary layer a strong nonequilibrium prevails quite comparable to
the noncatalytic case (Fig. 2c).

However, if we assume no gas-phase reactions, the vibrational
population progressively passes from equilibrium at the boundary-
layer edge to a strong nonequilibrium close to the surface (Fig. 3),
this phenomenon being due to diffusion processes as discussed in the
introduction.

b. Macroscopic Parameters: Rate Constants. Comparisons
may be made between global and STS methods for the macroscopic
parameters, temperatures, concentrations and rate constants. The
strong overpopulation of the high levels close to the wall leads to a
strong nonArrhenius behavior of the dissociation rate constants in
this region. Thus, we observe an increase of Kd when approaching
the wall, despite the temperature decrease. Note that this behavior is
provided by all methods, STS and global ones, as shown in Figs. 4
and 5 for noncatalytic and catalytic cases, respectively. A similar
effect was found in the case of a pureO2=Omixture [29]; in that case
the LCmodel was used for the gas-phase dissociation. In Figs. 4 and
5, we also observe that the values given by LCMaremuch lower than
those deduced from QCTand global models which are in qualitative
agreement. If, however, in the LCM, the vibrational ladder is stopped
at vmax � 60, the difference is much smaller, as it is the case for the
vibrational distribution (Fig. 4).

For the fully catalytic case,Kd remains higher than �Kd but does not
increasewhen approaching thewall and suddenly drops very close to
the wall as expected (Fig. 4b). A consequence of these results is an

increase of the molecular concentration when approaching the wall,
for both catalytic and noncatalytic cases. This increase, of course, is
much more important in the catalytic case because of the strong
recombination and is observed for all physical models (Fig. 6).

An effective vibrational temperature TV may be deduced from
previous computations. Thus in the STS model this temperature is
defined as the vibrational temperature related to the first two
vibrational levels. In the global model, this temperature is defined
by assuming that the computed value of ev is the equilibrium
(Boltzmann) value corresponding at this temperature, but with the

Fig. 1 Nitrogen vibrational distributions in the boundary layer:

a) QCT model, noncatalytic wall, and b) LC model, noncatalytic wall.
Line 1, �� 0 (wall), line 2, �� 1, line 3, �� 4, and line 4, �� 8.

Fig. 2 Nitrogen vibrational distributions in the boundary layer:

a) QCT model, partially catalytic wall, b) LC model, partially catalytic

wall, and c) QCT model, fully catalytic wall. Line 1, �� 0 (wall), line 2,
�� 1, line 3, �� 4, and line 4, �� 8.
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harmonic oscillator model, used here, these definitions are identical.
We find that the difference of the vibrational temperatures TV given
by STS and global models, is not very important, as shown in Fig. 7,
with the values for TV at the wall of 4180, 4040, and 4070 K for the
QCT, LCM, and global models, respectively. Similarly, the compu-
tations performed for T0e � 7000 K give corresponding values of
4600, 4200, and 4300 K.

2. Case of Mixtures

The boundary-layer equations have also been solved using a N2,
N,O2, O andNOmixture simulating air at high temperature, with the
same conditions as above with the N2=N case. The physical models
used are the QCT and global models and the wall is considered as
noncatalytic for chemistry.

We observe that, whereas the distribution of N2 is roughly similar
to the distribution for pure N2 (Fig. 1a), the distribution of O2 is
practically frozen through the boundary layer and is closer to an
equilibrium distribution (Fig. 8). This is due of course to faster
relaxation in the case of O2.

This may be also observed in the spatial profiles of vibrational
temperatures throughout the boundary layer (Fig. 9). The values of
TV themselves, given by both methods, QCT and global are in
relatively good agreement, as seen in the same figure.We also obtain
comparable values for N2, O2, NO dissociation rate constants
deduced from both methods and, in particular, we observe a strong
non-Arrhenius behavior close to the wall (Fig. 10).

B. Boundary Layer Behind a Reflected Shock

To give another example of a boundary layer in vibration-
dissociation nonequilibrium, an unsteady boundary layer behind a
reflected shock wave is analyzed below with the global model. The
scheme of theflow is represented in Fig. 11. The equations of the one-
dimensional unsteady boundary layer developing along the end-wall,
written in �y; t� physical coordinates are transformed in the � ; ~t�
plane with the Von Mises transformation [similar to the LLD
transformation, Eq. (9)]

Fig. 3 Nitrogen vibrational distributions in the boundary layer (no gas-

phase kinetics, partially catalytic wall). Line 1, �� 0 (wall), line 2, �� 1,
line 3, �� 4, line 4, �� 7:90, and line 5, �� 8.

Fig. 4 Nitrogen dissociation rate constants across the boundary layer:

a) noncatalytic wall, with line 1 indicating the QCTmodel, line 2 the LC
model, line 3 the global model, and line 4 the LC model (imax � 60), and

b) fully catalyticwall, with line 1 indicating theQCTmodel, and line 2 the

global model.

Fig. 5 Nitrogen dissociation rate constants across the boundary layer
(partially catalytic wall), with line 1 indicating the QCTmodel, line 2 the

LC model, and line 3 the global model.

Fig. 6 Nitrogen mass fractions across the boundary layer (partially

catalytic wall), with line 1 indicating theQCTmodel, line 2 theLCmodel,

and line 3 the global model.
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2~t
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Z
y

0

� dy (35)

Computations are made for nitrogen as a test gas with initial
pressure and temperature of 200 Pa and 295 K, respectively, and for
an incident shock Mach number of 12, so that the flow is in

vibrational and chemical nonequilibrium behind the incident and
reflected shock waves.

The details of the flow may be found in [3] and here the main
interest of the analysis lies in the behavior of the vibrational
nonequilibrium across the boundary layer. To that end, in Fig. 12,
spatial profiles of the dimensionless vibrational energy non-
equilibrium � �ev � ev�= �eve are represented for successive times after
the reflection and with a wall ( � 0) assumed either fully catalytic
or noncatalytic for the vibration and the chemistry.

Considering first the catalytic case, during the first stages of the
relaxation following the reflection the vibrational nonequilibrium
decreases monotonously from the outer flow to the wall, as expected
(curve A). For subsequent times, a minimum (with a negative value)
appears in the profiles (curve B), attaining a constant value when the
outer flow is in equilibrium (curve C). Thus, as previously, two
regions may be distinguished in the boundary layer: an outer zone
where T > TV , as usual behind a shock wave, and an inner zone
where T < TV , corresponding to a freezing zone and due to the
diffusion of vibrational energy towards colder regions close to the
wall, where the relaxation time becomes longer.

This result has consequences for the dissociation rate constants,

and for example, we have KD > �KD in the inner region. When the
wall is considered as catalytic, the curve representing KD presents a
maximum (Fig. 13). In the noncatalytic case, the vibrational
nonequilibrium and the dissociation rate constants continue to
increase up to the wall (Figs. 12 and 13), accentuating the non-
Arrhenius character of these rate constants. Also in Fig. 13, values for
Kd obtained from the two-temperature model [19] are presented,
showing a similar behavior.

Finally, to generalize the results obtained in the boundary layer of a
stagnation point, complete Navier–Stokes equations including the
present global model are solved around an hemispherical body. As in
the previous examples, a vibrational nonequilibrium zone is found

Fig. 7 Nitrogen vibrational temperatures across the boundary layer
(noncatalytic wall), with line 1 indicating the QCT model, line 2 the LC

model, and line 3 the global model.

Fig. 8 Oxygen vibrational distributions in the boundary layer (QCT
model, noncatalytic wall). Line 1, �� 0 (wall), line 2, �� 1, line 3, �� 4,

and line 4, �� 8.

Fig. 9 Nitrogen and oxygen vibrational temperatures across the

boundary layer (noncatalytic wall). Line 1, N2, QCT model; line 2, N2,

global model; line 3, O2, QCT model; and line 4, O2, global model.

Fig. 10 Nitrogen and oxygen dissociation rate constants across the

boundary layer (noncatalytic wall). Line 1, N2, QCT model; line 2, N2,

global model; line 3, O2, QCT model; and line 4, O2, global model.

Fig. 11 Scheme of boundary layer developing at the end-wall of a shock

tube (physical plane and y, t diagram). Line 1, incident shock, line 2,

reflected shock, and line 3, boundary layer.
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close to the wall developing along the body in the expansion part of
theflow. The upper part of Fig. 14 shows an example of the scheme of
the flow-field over an hemispherical body (R� 2 cm) placed in a
hypersonic nitrogen flow of a shock tunnel [20] (M1 � 7:25,
T1 � 420 K, TV1 � 2000 K). The lower part of Fig. 14 represents
the spatial profiles of temperatures along the stagnation line,
summarizing the results presented in Sec. IV.A.

V. Conclusions

Different methods of analysis of nonequilibrium reacting
boundary layers have been presented including STS and global
physical models. Applications and comparisons have been made,
mainly in the case of the boundary layer of a stagnation point, but also
for other types of boundary layers. In all cases, vibrational non-
equilibrium zones have been observed close to the body wall. These
zones are essentially due to the diffusion of vibrational energy and
they are amplified by the noncatalytic character of the walls. The
consequence is a corresponding increase of the dissociation rate
constants, which in turn affects the wall heat transfer. A qualitative
agreement between results given by various methods has been
observed in the general behavior of these phenomena, and this may
be considered as reasonable when taking into account the various
uncertainties and assumptions included in each model. However,
better quantitative agreement is expected from further future studies.
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