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Parametric Study of Thermal and Chemical Nonequilibrium
Nozzle Flow

Philippe Sagnier* and Lionel Marraffa'
Office National d’Etudes et de Recherches Aérospatiales, Chitillon sous Bagneux, France

A numerical analysis of a thermochemical nonequilibrium inviscid nozzle flow was made for two types of
wind tunnels. The first one was a French project of an arc jet wind tunnel. The second one was a generic wind
tunnel, similar to a future European facility, with higher stagnation conditions than in the first wind tunnel. In
the analysis, an equilibrium airflow is assumed up to the throat of the nozzles. Downstream, the calculation is
carried out with a quasi-one-dimensional method, taking into account nonequilibrium thermochemistry, with
possible vibration-dissociation coupling. There, the airflow is expanded quickly, and departure from equi-
librium and then freezing are observed. Different models of chemical, electronic, and vibrational kinetics and
different coupling models are studied. Their global influences are analyzed for one test condition for each wind
tunnel. Futhermore, for the first nozzle, the computed frozen Mach number compares well with experimental

results.

Nomenclature

Note: ’(prime) is generally used for dimensional quantities.
The nondimensionalization is made through a reference flow.

A =area
B; =jth chemical species
Cp;  =specific heat of the jth species, =C’p;/R’

c =number of chemical elements

E; =average vibrational energy of dissociating molecule j

E;l =energy of /th electronic level, =E’jI/R'T"°

AF;® =change in the standard free energy of the ith reaction

G; =average vibrational energy of recombining molecule

gl =degeneracy of the /th electronic level

=Planck’s constant

h; =enthalpy of the jth species, including heat of
formation, =h;/RT"’?

K; =equilibrium constant of the ith reaction

Kp;  =equilibrium constant of the ith reaction in terms of
partial pressures

k =Boltzmann’s constant

kg, kp; =forward and backward reaction rate coefficient,
respectively

M = gas mixture molecular weight, =M '/M'°

Mf  =frozen Mach number, = U’ (P/p Ap /AP)%

m; =number of electronic levels

m; =jth species molecular weight

N; =number of vibrational levels

n; =number of atoms per molecule .

P =thermodynamic pressure, =P’ /p’ U’

Oy =mole production volumetric rate of the jth species in
the ith reaction, =Q{; M’% /p'U"®

R’ =universal gas constant

s =number of species

T =translational temperature, =7'/T’°

ij = (TVj T)O‘S

Tm; =(TIv;T)/(Tv,—=T)

Tv;  =vibrational temperature

U = flow velocity, =U’/U"°

Vi =nonpreferential vibration-dissociation coupling
factor
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X = abscissa along the nozzle axis

Qi =number of atoms of the kth element in the jth
species

By  =vri—wy

s

Bi = E 5ij
Jj=1

¥j = concentration of the jth species, =v’; M "°

€ =vibrational energy of the jth species, =¢’;/R"T’°

or; = characteristic rotational temperature of the jth
species

v, = characteristic vibrational temperature of the jth
species .

A = nondimensionalizing factor, =U'°M'%/R'T’°

u° =chemical potential at standard pressure of the jth
species, =p; '%/R’T’°

vy = stoichiometric coefficient of the jth species in the
first member of the ith reaction

v = stoichiometric coefficient of the jth species in the
second member of the ith reaction

p =density, =p'/p’°

7; =relaxation time of vibration of the jth species

W) =vibration frequency of the jth species

Subscripts and superscripts

= jth reaction

L = jth or ath species

= [th electronic level

= vth vibrational level

= initial state or reference state

= value at vibrational equilibrium
= dimensional guantities

S,

\80<N

Introduction

N conjunction with its projects for the HERMES space

shuttle, Europe is involved in the design of new hypersonic
wind-tunnel facilities. The stagnation conditions of such wind
tunnels have to be high enough to simulate the re-entry real
gas effects and to test the real gas calculation methods.

The Office National d’Etudes et de Recherches Aérospa-
tiales (ONERA) has studied a project of hypersonic wind
tunnels.!»? Air is heated through a plasma generator (power = 5
MW), and the flow is expanded through a nozzle with a
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conical divergent (11.3 deg half angle). The nozzle length is
about 25 cm and the throat area is 1 cm?. The stagnation
pressure is 50 bars and the normalized stagnation enthalpy
(Hi/RT% s 100 (i.e., the stagnation temperature is about 4800
K). The frozen Mach number Mf is about 6 at the exit.

The stagnation conditions of the second facility are 600 bars
for the pressure and 320 for normalized enthalpy (i.e., about
10,000 K for temperature). The nozzle length is about 200 cm
and the throat are is 3.14 cm?. The divergent part of the nozzle
is a cone with a half angle of 10 deg.

The nonequilibrium zones of both nozzle flows were investi-
gated with a quasi-one-dimensional method,3-¢ which is dis-
cussed later.

The purpose of the present study is to estimate the influ-
ences of thermochemical models on the calculation results. It
is, therefore, a parametric study; unfortunately, it is not ex-
haustive due to the abundance of today’s known models. Our
goal is to show that the method easily allows an overview of
the main phenomena present in a nozzle flow and can be used
to find simplifications applicable to more involved two-dimen-
sional or three-dimensional computations.

Numerical Method

The real gas flows fundamental equations might take into
account the classical aspects of aerodynamics. Real gas phe-
nomena have to be added: the chemical and thermodynamical
states of the flow could be very different than for ideal gas
flows. These effects must be modeled as well as possible. A
steady one-dimensional code,? first designed for flow relax-
ation behind normal shock waves, has been extended for
nozzle flows®> (quasi-one-dimensional). It takes into account
chemical and vibrational nonequilibrium kinetics (for
molecules with a maximum of two atoms), with vibration-dis-

sociation coupling, and electronic excitation (at translational -

temperature). The rotation of diatomic molecules is assumed
to be in equilibrium with translation. Virial effects and trans-
port properties are not accounted for. Ionization reactions can
be included, but the free electrons have the same translational
temperature as the other species.

The nondimensional governing equations are the following:

Continuity equation:

@_ pdU pdA

dx~ Udxe Adx @
Conservation equation of the jth chemical element:
d'Yj 1 "
—_— = - i j = + l,...,
dx  p i§1 Qi J=cC N ?2)
Conservation equation of the kth chemical element:
x—— =0 k=1,...,
jgl Uk dx ¢ B3
Momentum equation:
dP dau
— = - U—
dx ° dx @
Energy equation:
U g de M{dP Pdp
AUd—=— Ag)— — A—{ — — —=
dx a:§+ 1Y (1) dx 0 (dx pdx
J S S [k M? dy;
E 'Yana - E E <-l - A—P7ana>—_j (5)
a=1 a=1j=1\8 o dx

where f is the index of the first nonequilibrium vibrating
species and g is the index of the last one.

THERMAL AND CHEMICAL NONEQUILIBRIUM NOZZLE FLOW 335

Vibrational energy equation of the jth diatomic species:

2y_34 ©
dx U

The system [Egs. (1-6)] is first solved with respect to the
space derivatives of the unknowns U, P, p, v;, and e/;. These
derivatives are then integrated with a fourth-order Runge-
Kutta method.

The state equation, needed for closure of the system, gives
the translational temperature:

T =MP/p U

There are other relations, especially electronic and vibra-
tional contribution, in Appendix A.

Let us describe the source terms Q; [Eq. (2)] and S,; [Eq.
(6)]. Molecular exchanges are governed by collisions. When a
collision occurs, the impinging atoms or molecules exchange
their energy in different modes (translation, rotation, vibra-
tion). If the energy of the collisions is high enough, dissocia-
tions of multiatomic molecules are possible. Their results are
modeled by the right sides of Eq. (2-6). When the frequency
of these collisions is very high (equilibrium), the state of the
gas depends only on local thermodynamic parameters (P, 7,
for example). If the frequency of the collisions is too low, the
state of the gas depends on the flow history (nonequilibrium).
The gas tries to reach equilibrium without ever achieving it.
When the collisions become rare (i.e., low density and high
velocity), no further exchanges between particles occur and
the flow is frozen. Its thermochemical properties remain con-
stant. These three states are characteristic of our nozzle flow
examples: from the reservoir up to the throat, the expansion is
slow enough for the flow to stay in a near-equilibrium state. In
the throat region, where the expansion becomes faster,
nonequilibrium occurs, and downstream, the flow freezes
when low density and high velocity occur.

The right side of vibrational Eq. (6) is a function of the
chosen vibrational model. This term takes into account the
variations of vibrational energy due to two distinct phenom-
ena. On the one hand, when a diatomic molecule is in a
nonequilibrium vibrational state (i.c., its vibrational tempera-
ture is different from its translational temperature), it tends to
relax to equilibrium through collisions with other particles
along its trajectory. On the other hand, when two atoms
recombine and yield a diatomic molecule, the vibrational en-
ergy of this molecule is often higher than the average vibra-
tional energy. This can lead to an inversion of vibrational
population. The same reasoning applies to dissociation. The
more a molecule is vibrationally excited, the more easily it
dissociates. That means also that dissociations deplete the
higher vibrational levels and, therefore, decrease the average
vibrational energy of the gas mixture.

The first phenomenon (vibrational relaxation to equi-
librium) is modeled through a Landau-Teller law’ with coefTi-
cients from Blackman.® The second phenomenon (vibration-
dissociation coupling) is modeled by the nonpreferential
model of Marrone.? Both are based on the harmonic oscilla-
tor, and their contribution corresponds to the source term Se;.
The coupling influences both dissociation and recombination
rates through a coupling factor V;. Here, V; assumes an equal
dissociation probability (nonpreferential) for each vibrational
level in the case of a collision energetic enough for dissociation
to occur. Note that the preferential model,> based on an
anharmonic oscillator and favoring coupling between dissoci-
ation recombination and the highest levels of vibration, could
be also implemented but has not been tested here.

For r chemical reactions using a set of s species, we have

s s
_Elv;j Bj <=> 21 V*,'j Bj i= 1,...,r (8)
j= J=
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The production term in Eq. (2) writes
T g 1 v;, / % ol vt
Qi =y —vy) | kip " TTve"e—ksi™p " [[va "= | (9
a=1 a=1

with s 5
vi=) vyand v¥= Y v
= i

The real forward reaction rate (i.e., with vibration-dissocia-
tion nonpreferential coupling) writes

s L
k'ﬁ =k/ﬁos H VjAu (10)
a=1
with 4; =1 or 0 according to whether the ith reaction is

affected by the coupling process.
The ratio between the constants k' ;* and k' ; © is given by

K’,:—’ﬁ 11
k'™ ()

where K ’;is the equilibrium constant depending on the chem-
ical potentials (see Appendix A) and k’,;* and &, are the
forward and backward reaction constants, respectively, given
_in the literature under the modified Arrehenius law form:

k'’ > =a; T"% exp <?-> (12)

The V;terms are introduced in Eq. (10) to take into account
the influence of the vibrational excitation, assuming the har-
monic osicllator model, on dissociations:

_ 1 T—exp (=N;O,/T ) exp (0,/Ty;) — 1
"N, exp(©,T,)—1 exp(6,/T,)—1

Vi (13)

The source term S¢; for the nonpreferential model writes

S - L0 (1) BT g (41,00
J J

dt dt

Vi (14)
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Fig. 1 Moss model: full equilibrium, vibrational equilibrium, and
full nonequilibrium temperatures.
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where (dvj/dt)f and (dvj/dt)b are the production and vanish-
ing terms of the diatomic species, respectively (see Appendix A
for the expressions of ¢;o and 7). The terms E;(7,T,;) and
G,(T) represent, respectively, the average vibrational energies
of a dissociating molecule and of a molecule immediately after
recombination:

E(T,T,) = & - Njey 15)
TN exp (wi/kTmy) — 1 exp(Njwi/kTmy) — 1
1
G(T) = 3 wi (NV; — 1) (16)
S, can be rewritten as
S.:éjm—éj+l: er
v 7j eXp (er/ij) —1
_ N;Ov; _ ej} ~ Ay Qy
exp (N;0v;/Tm;) — 1 i=1 vip Xi
Oy, L A; O (1 - X))
— | =N = 1) =€ Y=y - O T 17
[2(’ )'6’];1 v p X an
with
Xi=1 ! C 0 P (18)
=l =% TTvo ™
Ki I/1141! otl;Il

A simplified model (Park coupling model!®!?), first de-
signed for relaxing flows behind normal shock waves, has also
been tried in this study. Park assumed an average temperature
Tp; that he used in the calculation of the dissociation reaction
constants [Eq. (12)] instead of the translational temperature
T. The vibrational energy source term S,; is thereby simplified:

Se; =L —Y (19)
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Fig. 2 Moss model: nonequilibrium species concentrations.
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The characteristic vibrational relaxation times in Egs. (14),
(17), and (19) for O, and N, are given by the Landau-Teller
expressions.

o 101.44
0,: 7jP’'=16.18 10" exp <W) (20)
154 \ .
Ny 7; P’ =11.1510"6 T' 2 exp T in baryes seconds

@1

Chemical Models

The computation of a flow with chemical kinetics requires
as realistic as possible a choice of reactive species and the
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Fig. 3 Moss model: equilibrium and nonequilibrium pressure.
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Fig. 4 Moss model: eduilibrilim and nonequilibrium frozen Mach
number.
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appropriate reactions with their rate coefficients. In recent
studies, these rates have been compared.!! Their applications
in inviscid flows behind shock waves!? and in viscous flows
including shock layer!?® and boundary layer'416 were demon-
strated. Nevertheless, as far as we know, no such studies have
been made for hypersonic nozzle flows. We restrict the study
to a few classical chemical models with all or part of the
following species: O, N, O,, N, NO, NO*, O*, N+, O,*,
N,*; and the electrons e. Five sets of chemical models!%!7-20
have been used (for some of them, we have not selected
ionization reactions). For simplicity, they will be called Moss,
Gardiner, Evans-Schexnayder-Huber (ESH), Dunn-Kang
(DK), and Park models. Their characteristics are detailed in
Appendix B. The Moss model is chosen as the reference model
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{0] (\ /MO) Dunn Kang
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--------- Park
Gardiner
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Fig. 5 Chemical model effects: [O].
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Fig. 6 Chemical model effects: [N].
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for comparison for results. Ionization, when computed with
the ESH and DK models, is weak in our nozzle flows. Thus,
the results relative to the species concentrations exhibit only
electrically neutral species. For comparison, we have also
computed the nozzl: flows at equilibrium with a tabulated
Mollier diagram from Ref. 21. This diagram does not supply
the concentrations of the species.

Analysis of the Results

ONERA Prototype

First, we establish a reference calculation case consisting of
Moss chemistry, electronic excitation, nonequilibrium vibra-

5000 T l T l
T (K) |- ————— T Moss
A s TOp MOSS
\ -----—- TN, Moss
\ ———— T equil.
————- ark
4000 — E— T » Park »
TN2 Park
3000 -
2000 |- ~
1000 - -
0 t ! [ 1 x (cm)
0 5 10 15 20 25

Fig.7 Moss and Park chemical model effects: temperatures 7,
TvO02, TyN2, and equilibrium.

5000 T I T !
T (K) - ~——— T Moss
\ s TOp MOSS
\ -~ TN, Moss
\ T equil.
—-—-—T Gardiner
4000 — ——— TO, Gardiner u
e TN, Gardiner
3000 i
2000} ]
1000 |- 7
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Fig. 8 Moss and Gardiner chemical model effects: temperatures 7,

Tv02, TyN2, and T equilibrium
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tion of O, and N,, and Marrone nonpreferential coupling.
Then, we compare these results with those given by the other
chemical sets. Influences of electronic excitation (with Moss
chemistry) and of nonequilibrium vibration and the Marrone
and Park coupling are also studied. In all of the cases, the
results are presented as a function of the abscissa along the
nozzle axis. Finally, a comparison with an experiment is pre-
sented for the frozen Mach number.

The code fails when trying to compute near equilibrium
flow.56 Therefore, the nonequilibrium computation is started
with an equilibrium initialization 2 mm downstream of the
throat (at x =3.5 cm).

0.16
I 1 I
C (M/MO) . i
0.14 - ]
0.12~ .
0.10 — i
0.08 - _
[Q] Moess
0.06 [~ 0,] Moss —
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Og wnthhout e.e.
0.04 ] without e.e. | X (cm)
0 5 10 15 20 25

Fig. 9 Electronic excitation effects: species concentrations.
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Fig. 10 Vibrational nonequilibrium and vibration-dissociation cou-
pling effects: pressure.
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Analysis of the Results for the Moss Model

In a hypersonic nozzle, it is interesting to know the flow
evolution in terms of departure from equilibrium and freezing
and, of course, its exit composition. Figure 1 shows the evolu-
tions of several temperatures: equilibrium (T.equ.), transia-
tional nonequilibrium with vibrational equilibrium (T.eq.
vib.), the same with vibrational nonequilibrium (T.n.eq.), and
for the vibration of O, and N, (TVO2, TVN2). There are large
differences between the translational temperatures: at the exit
1600 K for T.eq., 1000 K for T.eq.vib., and 800 K for T.n.eq.
The nonequilibrium temperatures depart quickly from the
equilibrium temperature, showing that nonequilibrium does
exist upstream of the throat. The same remark can be made
for the vibrational temperatures. Moreover, the freezing of

5000 T I | I
Moss n. eq,
T (K) J—— Moss V. eq.
--—- M0ss n. eq. n.c.
Park n. eq. & C.
4000 |- 7
3000 I
2000 _
1000~ 7
0 { | { 1 X {cm)
0 5 10 15 20 25

Fig. 11 Vibrational nonequilibrium and vibration-dissociation cou-
pling effects: translational temperature.
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wool- 7 N
0 | l | | X {cm)
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Fig. 12 Vibrational nonequilibﬁum and vibration-dissociation cou-
pling effects: vibrational temperature of oxygen.
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TVO2 and TVN2 can be observed at about 12 and 8 cm,
respectively. This shows that the storage of frozen vibrational
energy cannot be neglected and explains the differences be-
tween T.n.equ. and T.eq.vib. When comparing T.eq.vib. and
T.equ., we can see the effect of nonequilibrium chemistry on
the translational temperature. The molar concentrations of
the species are presented in Fig. 2. The freezing of the main
species is observed at about 7 cm, except for N, which recom-
bines (but in negligible amounts) up to the exit due to the high
rates of N, recombination reactions. Equilibrium and full
nonequilibrium assumptions also have an influence on P (Fig.
3) (equilibrium pressure is about twice the nonequilibrium
value at the exit) and on Mf (Fig. 4) (5.6 vs 4.6 for equilibrium
at the exit). However, velocity and density remain almost the
same in both assumptions due to the mass flow conservation
(so we do not represent them). All of these results show that
the flow is in thermal and chemical nonequilibrium in the
divergent part of the nozzle.

Influence of the Chemistry

Globally, the results are weakly influenced by chemical
models. The DK, ESH, and Moss models are almost over-
whelmed. Therefore, we focus especially on the Moss, Gar-
diner, and Park models (and equilibrium). The model that is
closest to equilibrium is Park’s, the farthest one is Gardiner’s.

Two general comparisons can be made. One concerns O
molar concentrations ([O]) (Fig. S). The small difference be-
tween the ESH, DK, and Moss models allows us to avoid
plotting the corresponding curves in the following. The second
concern [N] (Fig. 6) and shows late freezing for ESH and DK,
which are the only models with ionization. Furthermore, for
[N}, Gardiner’s model is much closer to equilibrium than
Park’s, but it is difficult to draw a conclusion for such a small
amount of a species. ‘

Figures 7 and 8 are relative to temperatures. Translational
temperatures confirm the previous remarks about Park and
Gardiner for their equilibrium proximity. However, the situa-
tion is reversed for vibrational temperatures. This is because,
for Gardiner, for example, the chemical energy storage is high
and so there is less energy available for vibration. That and the
lower translational temperature for the Landau-Teller law
imply lower frozen vibrational temperatures.

Influence of the Electrenic Excitation

The code takes into account the contribution of electronic
excitation. It is possible to switch it off to study its effects. It
appears that this influence is negligible on aerodynamics,
weak on temperatures and [N], but important on [O], [O,] and
[NOJ] (Fig. 9). Furthermore, as shown in Fig. 9, recombination
rates are higher without electronic excitation. This leads to
stability problems in the near equilibrium zone and, therefore,
to a longer computational time because of shorter space step
sizes.

Influence of Vibrational Nornequilibrium and Its Coupling with
Chemistry

All the following cases take into account electronic excita-
tion. We have tested Moss and Park chemical sets, each one
with the nonpreferential coupling (Moss et al.) and the Park
coupling (Park et al.); we have also tried combinations of
these but the results are qualitatively the same. Moreover, we
have also plotted results with Moss chemistry without cou-
pling (Moss n.eq. n.c.) and with vibrational equilibrium (Moss
V.eq. which with Moss n.eq. could represent a reference
band). Results are presented for P (Fig. 10), T (Fig. 11), TvO2
(Fig. 12), TvN2 (Fig. 13), and [O] (Fig. 14). The first remark
that can be made is the small influence of the nonpreferential
coupling: the major effects are observed on the vibration of O,
(Fig. 12) and N, (Fig. 13). The effect on TvO2 is more impor-
tant than on TvN2 since O, chemistry is more active.

Park coupling gives rather different results, but only after a
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certain distance. This is because the rates of dissociation and
recombination are computed using a geometrical average of
translational and vibrational temperatures. There is still freez-
ing of vibration of N, and O, in the same way as for Moss et
al. But since the vibrational temperature freezes at a rather
high level, the average temperature remains quite high. This
explains why no chemical freezing is observed in the plots of
[O] (Fig. 14). Thus, the kinetics of recombination remain
sufficiently rapid to prevent freezing. However, the decreasing
translational temperature changes the equilibrium constant,
especially toward the nozzle exit, producing more recom-
binations. This may explain why the slope changes in the plot
of [O].

5000 T 1 | I
TVN, (K) Moss n, eq,
Moss V. eq.
—-- Moss n. eq. n.c.
———— Park n. eq. & C.
4000 |- 7
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0 | | l [ X {cm)
o 5 10 15 20 25

Fig. 13 Vibrational nonequilibrium and vibration-dissociation cou-
pling effects: vibrational temperature of nitrogen.
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Fig. 14 Vibrational nonequilibrium and vibration-dissociation cou-
pling effects: atomic oxygen concentration.
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Comparison with Experiment

During the prototype test campaign, only measurements of
stagnation enthalpy with two spherical calorimetric probes
and another one measuring the surface stagnation temperature
of a sphere (the flow was free of solid particles) and the frozen
Mach number through a Pitot tube were performed. The
measured enthalpy was different from the design enthalpy (65
instead of 100). The viscous effects were negligible® due to the
shortness of the nozzle. Therefore, we ran a new calculation
with the Moss reference model. The results are shown in Fig.
15. The discrepancy with the experiment is about 7 percent on
the frozen Mach number, which is not so bad considering all
the theoretical uncertainties. We would have tested more ther-

7 T 1 l I
Mach
Exp. »
6 ' o
5
4 -
3
2 -
1w/
/ n. eq. HR = 100
7 --n.eq. HR = 65
A B eq. HR = 65
(1] = 1 I I I
0 5 10 15 20 25
X (cm)

Fig. 15 Moss model: comparison of frozen Mach number with ex-
periment.
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Fig. 16 High enthalpy nozzle: translational temperatures: DK.,
Moss, Moss without coupling, equilibrium.
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Fig. 17 High enthalpy nozzle: O2 and N2 vibrational temperatures:
DK, Moss, Moss without coupling.
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Fig. 18 High enthalpy nozzle: species concentrations: [e] DK., [02]

DK, [02] Moss, [02] Moss without coupling.

mochemical models and also introduced the real area varia-
tion, which is spherical instead of flat,® if concentrations,
vibrational temperatures, velocity, or pressure measurements
had been available.

Generic Wind Tunnel

The study of this nozzle is not as complete as for the first
one. We are principally interested in the influence of the
nonpreferential coupling, We also check the little importance
of ionization (by comparison between Moss and DK chemical
sets) for these stagnation conditions. Figure 16 (throat located
at x = 0) shows the evolutions of several translational temper-
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atures: equilibrium (Teq.), Moss nonequilibrium (T), and
without coupling (Tn.c.), DK nonequilibrium (TD.K.). TD.K.
and T are indistinguishable, whereas Tn.c. is very close to
them and, as expected, Teq. is higher. In Fig. 17, we observe
that the coupling is more important in this nozzle: taking it
into account that it has a large effect on TvO2. Coupling leads
to unfrozen TvO2 (Moss and DK) higher than TvN2, insensi-
tive to chemistry or coupling. The vibrational temperature of
oxygen even increases toward the nozzle exit, whereas the
translational temperature keeps decreasing. Noncoupling
yields a frozen TvO2 behaving in the same way as for the
former nozzle, but freezing (TvO2n.c. and TvN2’s) occurs
more slowly and at relatively lower levels. This is due to the
higher density, enabling more collisional exchanges. For the
corresponding O, concentrations, the choice of a chemistry
model is as important as coupling or no coupling (Fig. 18),
and freezing does not actually occur, although the maximum
exit [O,] is about 10 times less than the equilibrium value
(about 0.2 for 1000 K). As expected, the DK model shows that
the ionization is weak and [e] freezing occurs almost at the
calculation starting point.

Conclusions

The conclusion of this study is that it is very important to
correctly model the chemical vibrational nonequilibrium for
these types of nozzle flows. Park coupling, in the way it has
been introduced in the code, yields different solutions from
the other models that were tested. The choice of chemistry and
the electronic excitation have weak effects on the aerodynam-
ics: most of the chemistry sets gave similar results despite
strong differences in the species involved and in their kinetics.
When it is necessary to determine accurately the gas composi-
tion at the nozzle exit, all these phenomena are important.

The vibration-dissociation nonpreferential coupling had lit-
tle effect in the first nozzle study, but played an important role
for the second nozzle flow: new unexpected physical phenom-
ena appear due to its severe stagnation conditions.

Nevertheless, these conclusions apply only to these types of
nozzle flows: each new problem would require a complete
investigation. The quasi-one-dimensional code appears as a
very useful tool, allowing the classification of thermochemical
phenomena, in order to separate the flow into different zones
where some simplifications are possible (equilibrium, freezing,
etc.) before using more sophisticated methods. Furthermore
this type of code allows numerical experiments since it is
possible to easily introduce and test different thermochemical
models that could be used in more general programs and to get
precious information on the quality of the nozzle flow.

Appendix A: Closure Equations

In order to close the system of equations, we need the
following relations:

S5+4+2n, —1 6v;
ij =__(éL___)+(nj_ 1) <7!>2

exp (0v;/T)
[exp(8v;/T) — 1]?

Eol[E&rol-[Eno] [£ 2o

=1 l=lﬁ
m 2
L Gi

This is written for vibrational equilibrium. In the case of
vibrational nonequilibrium, the second term of the C,; is
removed and the vibrational contribution is modeled by the
term de,/dx in Eq. (5). The vibrational and electronic excita-
tions also have an influence on the chemical potentials and,

+

(A
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Table B1 Chemical reaction rate coefficients k *

therefore, on chemical equilibrium. In effect, the equilbrium
constants are written as

— AF;0 .
pi= e"p[ R—,T/]’ Ki=KpiR'T'P
. AF;0 S ;0
with 2= % B,EJT— (A2)

The chemical potentials come from the partition functions:

0-h;0 3 2amk k
l‘ ’
1—7';J—= ~3 7—2!——&1)—64‘(”1--—1)&0 rp—fngy_
5+2(m ~1
~——(;’f——)e.. T’ + (n; = Dl [1 — exp (— v,/ T)]
Y G
A e (A3)
8ji=1

where h;° is the enthalpy of formation of the jth species and
p¢ is the standard pressure.
The equilibrium vibrational energy of the harmonic oscilla-
tor writes
. 0Vj (A4)
6@ = —d
7 exp (Ov/T)— 1
In case of nonequilibrium, the vibrational temperature
comes from

0Vj

Ty, = ———L A5
Y W+ 6v/) (43

Dunn & Kang model : O, N, 09, }E.S.H. model : Moss model : Gardiner model : Park model :
N2. NO, ¢,NO+,02+.N2+0+N+ | O, N, 02, N, NO, e, NO+ O, N, O3, Np, NO O, N, 02, N3, NO O, N, 07, N2, NO
Dissociation reactions: a; bj ci a; bj i aj bj [ a; b; i aj b; cj
02+N —-20+N 361 E18 1. 594 E5S 361 EI8 1. 594 E5 361 Ei8 -1 594 E5 |1.82El8 i 5938 ES |2.90 E23 2. 5975 E5
02 +NO-20 +NO 3.61 E18 -1, 594 ES  ]3.61 E18 -1, 594 ES 1361 E18 -1. 594 ES |1.82 E18 i 5938 ES j9.68 E22 2. 5975 E5
07+07-220+0) 3.249 E19  -1. 594 ES 3249 E19  -1. 594 ES {3.249 E19 1. 594 ES |1.64E19 1. 5938 ES |9.68 E22 2. 5975 ES
02+Np 520+Ny 722 E18 1. 594 ES 722 E18  -1. 594 ES [7.22 E18 1. S94 ES_l3.64 E18 1. 5938 ES [9.68 E22  -2. 5975 ES
02+0 -520+0 9.025 E19  -1. 594 ES ]9.025 E19 1. 594 E5 }9.025 E19 -1. 594 E5 |4.56 E19 1. 5938 E5 |2.90 E23 _ -1. 5975 ES
No+N 5 2N+N 408 E22 15 1132 E5 §21 E22  -1.5 1132 E5 |415 E22 1.5 1132 E5 }1.6 E22 -1.6 1132 ES 1.6 E22 1.6 1.132 ES
N + NO— 2N + NO 19 E17 - 1132 ES |192 E17 -5  L132E5 J192 E17 -5 1132 ES |14 E21 1.6 1132 E5 1498 E21 1.6 1.132 E5
N2+ O—2N+0y 1.9 E17 -5 1132 ES |L92EI7 -5 1132 ES |1.92 E17 - 1132 E5 |14 E21 1.6 1132 E5 |3.7 E21 -1.6 1132 E5
Np+ Np— 2N +Ny 470 E17___ .. 1.132 ES §480 E17 -5 1132 ES §480 E17 -5 1.132 E5 [37 E21 -1.6 1132 ES {37 E21 1.6 1.132 ES
N2+O 52N+0 192 E17 -5 1132 ES |1.92 E17__ -5  1.132ES |1.92E17 -5 1132 ES |14 E21 -1.6_ 1132 ES [498 E22  -16  1.132 ES
NO + Ny N+0 + Ny 3.97 E20 .15 7551 ES ]13.97 E20 1.5 7551 ES {397 E20  -1.5 7551 E5 4. E20 1.5 7551 B5 |7.95 E23 2. 7551 ES
NO+N — N+ O+N 7.8 E20 -1.5 7551 ES 17.94 E21 1.5 7551 E5 {7.94 E21 _ -1.5 7551 ES |8. E20 1.5 7551 ES }7.95 E23  -2. 7551 E5
NO+ 05 N+0+0p 397 E20  -1.5 7551 ES {3.97 E20 1.5 7551 ES {397 E20 -~ -1.5 7551 E5 |4. E20 1.5 7551 E5 17.95 E23 2. 7551 E5
NO+O »N+0+0 7.8 E20 .15 7551 ES |7.94 E21 .15 7551 E5 |7.94 E21 1.5 7551 E5 |8. E20 <15 7551 ES {795 E23 -2, 551 ES
NO + NO-N + 0 +NO 7.8 E20 .15 7551 E5 |7.94 E21 .15 7551 E5 |7.904 E21  -1.5 _.7551 E5 8. E20 -1.5__ 7551 ES_|7.95 E23 2. 7551 ES
Shuffle reactions
O+NO »N+O 3.18 E9 1. 1.968 E4 ]3.18 E9 1. 1.968 E4 [3.18 E9 1. 1.968 E4 {3.8 B9 1. 2.082 E4 |8.37 E12 0. 1.945 E4
O+Ny —N+NO 7. E13 0. 38FE4 |675E13 0. 37755 E4{6.75 E13 0. 37755 E4]1.82 E14 0. 3837 E4 |644 E17 1. 37755 E4
Jonization reactions
O+N  -NOt+e 1.40 E6 1.5 319 E4 {240 E10__ 0.5 324 E4
O+e —Ot+2e 3.6 E31 -2.91 1.58 ES
N+e 5 N'+2e 1.1 E32 -3.14_1.69 ES
0+0 - 0gt+e 1.6 E17 .98 8.08 E4
00" — 0y + O 292 B8 -1.11 28 B4 .
02+N2 > NO+NO*+e [138 E20  .1.84 1.41 E5 Appendix B
NO + Ny > NO*+Na+e |22 EIS .35 _1.08 ES The chemical reaction rate coefficients k’;* (in cm?
0+NO" > NO + OF 363 E15 -6 508 EA mole~! s~ ! for binary reactions) are in Table B1.
Ny + Ot — 0 +Np* 3.4 EI9 2. 23 E4
N+ NO* — NO + N* 1. E19 -.93 6.1 FA :
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