ATAA JOURNAL
Vol. 33, No. 1, January 1995

Vibration-Dissociation Coupling in Nonequilibrium Hypersonic
Viscous Flows

D. Zeitoun,* E. Schall,’ Y. Burtschell,* and M. C. Druguet?
Université de Provence-St Jérome, 13397 Marseille, France

A computational study has been performed on hypersonic high-enthalpy viscous air flow past blunt bodies.
In the thermochemical processes deseribing this nonequilibrium flow, nenpreferential or preferential vibration-
dissociation—vibration coupling and vibration-vibration energy exchanges have been taken into account. A five-
species reactive air mixture, in which the diatomic species Nz and O; are in thermal nonequilibrium, was considered.
The set of equations was solved using a second-order implicit finite difference scheme. Several flow conditions, cor-
responding to a range of Mach numbers from 14 to 18, in connection with available experiments were investigated.
The predicted shock standoff distance and stagnation heat flux are in agreement with the experimental data. These
conditions were used by several authors to validate theirs computations. Through a code-to-code comparison, the
effects of the physical modeling, on the temperatures and the species mass fractions distributions, are emphasized.

Introduction

N high-enthalpy air flow around a body, the region between the

body surface and the detached bow shock is the site of intensive
physicochemical processes. Transfers between different modes of
energy storage are usually graded according to the relaxation time
associated with each process. The transfer from directed molecular
kinetic energy to thermal random translational energy takes place
almost instantaneously through the shock wave, leading to a max-
imum of the translational temperature just behind the shock. This
high-temperature gas is in thermal and chemical nonequilibrium.
Return to equilibrium will take place via chemical reactions and are-
distribution of energy among the internal modes of the molecules. !

In the present paper, with regard to the range of Mach numbers
investigated, only the chemical and vibrational nonequilibrium pro-
cesses are taken into account. Their relaxation times are, however,
of the same order and, therefore, the coupling between molecular
dissociation and the redistribution of vibrational energy among the
various levels might bring about noticeable changes in the evolution
of species concentrations and of the temperature within the relax-
ation zone. This coupling leads, on one hand, to the dissociation rate
depending on the translational and vibrational temperatures and, on
the other hand, to a time evolution of the vibrational energy linked
to the chemical processes. It is called preferential or nonpreferen-
tial, depending on whether the dissociation occurs on the highest
vibrational levels or is supposed to take place starting from any
level. A model for this coupling has been put forward by Treanor
and Marrone® and Marrone and Treanor? and known as the coupling
vibration-dissociation-vibration (CVDV) model. In this model, the
passage from the preferential mode to the nonpreferential one is
done via a parameter U, having the dimension of a temperature,
which takes a finite or, conversely, an infinite value.

More recently, Park® proposed a two-temperature mode! to
describe the vibration-dissociation coupling (CVD model). This
empirical mode! replaces the translational temperature, in the
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expression for the dissociation reaction rate &y (Arrhenius’ law),
by an average temperature, T, = (T'™T)) (with 0 < ¢ < 1). The
value of the exponent g is chosen to fit experimental data. The un-
certainty in the choice for g has led certain authors to suggest either
other expressions for ks , deduced by kinetic theory arguments,’
or to write g as a linear function of the ratio 7,/ T (Ref. 8).

In the present work, the CVDV model of Refs. 3 and 4 has been
selected to describe the coupling between the dissociation and vibra-
tional processes taking place in a five-species reactive air mixture
(N3, 0,, NO, N, and O). The 17-equation (15 dissociation and 2
exchange reactions) chemical model is adopted. The dissociation-
rate constants will be affected by a coupling factor, coming from
the CVDYV model; whereas, for the two exchange reactions, the cou-
pling factor will be that proposed by Borodin.® In addition, vibration-
vibration exchanges!? between molecules will be taken into account
in the source terms of the equations expressing the evolution of the
vibrational energy for diatomic molecules.

The specified model has been embedded in a numerical code!" for
the description of the viscous flow around a hemispherical blunt ob-
stacle. The resulting system of 10 equations is numerically solved
using a predictor-corrector implicit finite-difference scheme, acu-
rate to second order.> In the implicit operator, a splitting tech-
nique is employed for the Eulerian fluxes. After discretization, the
pentadiagonal matrix system is solved by the Gauss-Seidel line
relaxation method.

The scarcity of available experimental data has led us to validate
our computations by comparing them with the results of Lobb,!?
who gives the shock standoff position ina M = 15.3 flow, and with
those of Rose and Stark,'* for the stagnation-point heat-transfer at
Mach numbers ranging from 14 to 18, at an altitude of 37 km. These
flow conditions have been also used by other authors'>~!7 for vali-
dating their numerical simulations; a code-to-code comparison will
be given. The influence of the coupling between the chemical and
vibrational processes on the flow parameters will also be discussed.

Thermochemical Modeling

Across the strong bow shock, the gas, initially considered as a
mixture of N, and O,, experiences a very strong temperature in-
crease. This leads to the formation of new species, by the reactions
of molecular dissociation and of exchange. Excluding ionization
phenomena, the gas mixture will then contain five species: N, O,,
NO, N, and O; and their interactions will be governed by a set of
17 chemical-kinetic equations® (Park’s model). To this chemical
nonequilibrium, a vibrational nonequilibrium condition is imposed
on the diatomic molecules present in the flow. On the other hand, the
relaxation time of the rotational energy is sufficiently short, to al-
low this mode to be considered in equilibrium with the translational
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energy and, thus, to have an unique translation-rotation tempera-
ture T'.

In addition, it is well known that the evolution of the chemical
reactions may depend on the manner in which the vibrational energy
of the molecules is distributed among the various levels; conversely,
the amount of vibrational energy is also a function of the depletion of
the molecular species, due to the chemical reactions. This coupling
between the two phenomena is called the CVDV model and has
been discussed by Marrone and Treanor.* The models chosen to
describe this complex nonequilibrium thermochemical process are
presented in the following sections.

Chemical Modeling
The 17 chemical reactions considered are as follows:
No+M & 2N+ M (1-5)
0, +M & 20+ M (6-10)
NO+M & N+O+M (11-15)
N, +0 & NO+N (16)
NO+0O0 & N+0O, an

where M may be any of the five species: N,, O, N, NO, and O. The
first three equations [Egs. (1-15)] represent reactions of dissociation
and recombination, whereas the fourth [Eq. (16)] and fifth [Eq. (17)]
are exchange reactions.

The chemical source terms are derived from the law of mass frac-
tions for each of the species in the mixture. The reaction rate con-
stants and the equilibrium constants are those proposed by Park? and
are computed using the translation-rotation temperature T'. Taking
into account the coupling of the vibration on the chemical processes
(CVD model) amounts to modifying the forward reaction rates k¢
as follows:

Ks=ksVp (18)

where V), is the coupling factor” related to the vibrational model by
the ratio of the partition functions Q

y 20Ty
DT oMy o=y

Here T,; is the vibrational temperature of species i, and Ty; is an
average temperature written as

19

T '=1/T; = 1/T - 1/Up) (20)

where (—U;), having the dimension of a temperature, expresses
the probability of dissociation starting from a certain vibrational
energy level. Thus, for U = oo the dissociation is equiprobable
from any vibrational energy level (nonpreferential), whereas with a
lower U, the probability of dissociation is increased for the higher
vibrational levels (preferential regime). The value of U; is thought
to be of the order of magnitude of the dissociation characteristic
temperature Op;.

Now, concerning the exchange reactions, a coupling factor
(Ref. 9) V¢ is used in place of Vp in Eq. (18) with the following
expression:

L e (-6/T)- exp(Z42)[1 ~ exp(=0,/ T)]
BT T —exp(—=6,/ T)H[L — exp(=6,/T)IN, + 1)

2n

where ¢4 is the activation energy of the exchange reaction in question
and N, the corresponding number of vibrational levels.

The coupling model, already presented, modifies the forward rate
constant but not the backward constant; indeed, it is supposed im-
plicitly that the recombination of molecules does not depend on the
vibrational excitation.

Vibrational Modeling

In the following computations, the NO molecule is supposed in
thermal equilibrium!®!! and only the O, and N, molecules are taken
to be in vibrational nonequilibrium; to each of these two molecules
an equation is attached, governing the evolution of its vibrational
energy, i.e., of its vibrational temperature under the harmonic os-
cillator assumption. The source terms of these equations are made
up of three terms, which mirror the various exchanges between the
modes: translation-vibration wr-v,, vibration-vibration wy-vy, and
chemical-vibration coupling w-v).

Translation-Vibration Exchanges
The energy exchanges between the vibrational and translational
modes are classically described by the Landau-Teller formula

2] (T) €y (Tvi)
WiV = ——————— (22)

T

where e,; is the vibrational energy per unit volume, and 7" is the
global relation time constant

1 &
T = Z VT (23)
i s=1 'is

(]

Here £, is the molar fraction of species s and 7" is the relaxation
time for the vibration-translation (V-T) exchange between molecular
species i and species s, given by Millikan and White.'®

Vibration—Vibration Exchanges

V-V exchanges between vibrational species i, j manifest them-
selves as gains (or losses) of vibrational energy during the relaxation
time r,.‘j’v. These exchanges have been discussed by Stupochenko

et al.,'% who give the following formula:

1 1 By — By
;i (v-v) = -‘LW ;)—1%— I:euj (evi + Pi Rievi) eXp <]T’>
ij vi

— eyi(ey; +ijj0vj):| 24)

R; is the molar gas constant, 8,; the characteristic vibrational temper-
ature, p; the density, and 1:,.‘."' the relaxation time for the exchanges
V-V, which can be found in Ref. 19. It should be noted that for
i = J, wiy-vy = 0, since the balance of V-V exchanges between
identical molecules is zero.

Chemical-Vibrational Coupling

This coupling proceeds from the fact that the vibrational energy of
a molecule is partly determined by the chemical relaxation process.
The recombination, or dissociation, of a molecule leads to a gain
(or aloss) of the average vibrational energy. Following Marrone and
Treanor,” the coupling term may be written as

d[p;
wj (c-v) = —{(ew (Tfi) - eui(Tvi)]< E;; ]>
f

dlp;
+ew(=U;) — evi(Tvi)](%) (25)
b

where é,; (Ty;) is the mean value of the vibrational energy lost by a
dissociation, and é,;(—U;) is that gained by recombination. Under
equilibrium conditions, €,; (—U;) is the limit of &,; (Ts;) when T,; —
T:e,;(Ty;) may be written as

R;0y; NiR0;
exp(@vi/Tf,-) -1 exp(Ni R,Ov,/Tf,) -1

ei(Ty) = (26)

where N; is the vibrational level number corresponding to the dis-
sociation energy of molecule i.
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Table 1 Details of flow conditions

Experiment My Toos K Rg, mm Ty, K Rey

Lobb!3 15.35 293 6.35 1000. 14605
Rose and Stark!* 18.0 252 6.6 555.5 12840
Rose and Stark* 16.0 252 6.6 555.5 11413

Numerical Procedure

The axisymmetric, high-enthalpy, viscous flowfield around a
hemisphere-cylinder body is determined with the help of the Navier-
Stokes equations; to these, one has to add the equations describing
the evolution of the mass fractions of the five species present in
the air mixture and the evolution of the vibrational energy of the di-
atomic species N, and O,, taking as source terms those derived in the
last section. This manifold of 10 coupled partial differential equa-
tions, written in a generalized system of coordinates (£, n), is dis-
cretized by a predictor-corrector implicit finite-difference scheme.
In the implicit operator the Eulerian fluxes are split using a non-
dissipative splitting technique which allows a good capture of the
boundary layer.!?

The resulting pentadiagonal matrix system is solved by Gauss-
Seidel relaxation, with a double sweep in the & direction. This
numerical approach has formerly been applied to the computation
of the nonequilibrium viscous flow in a high-enthalpy hypersonic
nozzle.!1%

At upstream and far-field boundary conditions, constant
freestream values are imposed. At the downstream boundary, the
flow is supersonic and the conditions are obtained by zero-order
extrapolation. On the body surface, the no-slip condition for the
velocity components, an isothermal wall, and the approximation of
zero normal pressure gradient are enforced. The species concen-
trations were set to noncatalytic wall boundary conditions. On the
symmetry axis, the reflecting image principle was used. In the mesh
distribution, the symmetry axis and the body surface were located
in the middle of the first mesh in the £ and 7 directions.

Conditions of Numerical Simulation

The flow conditions adopted are listed in Table 1. These corre-
spond to experiments conducted by Lobb! to measure the shock
standoff distance for a sphere in a ballistic range and to those used
by Rose and Stark!* for measuring the stagnation-point heat flux in
dissociating air at Mach numbers of 16 and 18, at an altitude of 37
km, on a sphere-cylinder body. Since the same conditions have been
also taken by other authors!3~17 to validate their numerical codes, a
code-to-code comparison is possible.

The grid is the same for all cases and the number of mesh points is
(50 x 50). The grid is refined near the wall, the symmetry axis, and
around the shock position. The minimum grid spacings in the radial
direction and along the body surface are equal to A = 1.61 x 103
and A§ = 1073, respectively. At r = 0, the flow quantities are
initialized with an Euler solution, computed in the same freestream
conditions. The steady state of the nonequilibrium viscous flow is
obtained after about 3000 iterations, when the L, norm residual has
droppped by more than five orders of magnitude. During the con-
vergence process leading to the steady state, the Courant-Friedrich-
Lewy (CFL) number varies from 1 to 50. The CPU time is about
1.1073 s/point fiteration on a Cray YMP-2E computer for the com-
plete set of equations. We add that, before convergence is achieved,
the mesh distribution is refined around the shock position. A second-
and fourth-order adaptive dissipation technique®' is employed, with
coefficients equal to £€® = 0.65 and ™ = 0.04, respectively.

Discussion of Results

The numerical code was built up in such a way as to allow taking
into account the various thermochemical proceses in succession;
this was done to assess the influence of each of these on the flow
behavior.

The first study was undertaken in the conditions of the experi-
ments conducted by Lobb.!? A first stage was to test the influence of
the CVDV model with a nonpreferential regime (U = o), by com-
parison with a computation done without coupling. Figure 1 shows

? 140~ — CVDV (U=x)

——— without coupling
12.0
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E

8.0
1%
= 60-
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20§
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n

Fig. 1 Temperature distribution along stagnation streamline, M, =
15.3.

0.6 ~-~— without coupling
i o=N2
05 A=02
- 1 + = NO
= 041 xX=N
] =0

n

Fig.2 Species mass fractions distribution along stagnation streamline,
M., =15.3.

the evolution, according to the two models, of the mass fractions of
the five species Y, present in the air mixture vs the radial direction
n normalized by R, (n = O at the body wall) along the stagnation
streamline. One notices a delay in the dissociation of the N, and O,
molecules, as well as a lower value of the maximum amount of NO.
This is principaly due to the coupling effect of the vibration on the
dissociation processes. Thereafter the curves tend to merge, mark-
ing the disappearance of the coupling effect, due to the return of the
mixture to thermodynamic equilibrium. This is further illustrated
in Fig. 2, in which the various temperatures (T, T, x,, Ty 0,) are
plotted along the stagnation streamline. These curves show, firstly,
a shorter relaxation zone with higher T, gradients in this zone and
an equilibrium temperature equal to 7000 K. This value has olso
been obtained by Tam et al.'® for the same computed case. Sec-
ondly, the molecular dissociation induces a loss of mean vibrational
energy and, therefore, a reduction of the maximum vibrational tem-
perature. This process is marked for the O, molecules, which are
dissociated more completely than the N, molecules. Finally, a de-
viation from vibrational equilibrium is found within the boundary
layer, and a slightly backward shift of the shock position, while the
maximum T goes from 11,500 to 12,000 K.
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Fig.3 Comparison of species mass fractions along stagnation stream-
line between preferential and nonpreferential cases, M, = 15.3.
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Fig. 4 Comparison of temperatures along stagnation streamline be-
tween preferential and nonpreferential cases, M, = 15.3.

Now considering preferential coupling, different values of U (up-
per and lower than 6p) have been studied. It can be noted that for
U > 56 the solutions obtained are practically identical with those
for nonpreferential coupling presented earlier. Among the lower
values of U, and following Marrone and Treanor,* the value of
U = 0p/6 was then chosen for the preferential model, and the
distribution of the species mass fractions (Fig. 3) and temperatures
(Fig. 4) were compared with those of the nonpreferential model.
The preferential model generates a more marked effect upon the
behavior of the O, molecule, as it is dissociated less rapidly (a dis-
sociation delay sets up), thereby leading to a slower production of
atoms in the mixture. The consequence of preferential coupling is
to widen the chemical relaxation layer (a lower dissociation rate
increases the relaxation time). As for the vibrational nonequilib-
rium, the same process is also visible in Fig. 4, with, in addition,
an upstream shift of the shock position by about 5% and a higher
maximum temperature (Th = 12,500 K), in comparison with
the nonpreferential solution (Th,x = 12,000 K). The dissociation
delay associated with the preferential model enhances the dip in
the vibrational temperature of O, and induces higher translational
temperatures in the nonequilibrium zone behind the shock (slower
dissociation due to endothermal reaction). The preferential model
enhances the vibrational nonequilibrium within the boundary layer.

D 140~ CVDV U-6s/Bin 1 1o 16 eqs)
——— CVDV (U=6»/8 in 1 to 15 egs.)
120 B
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604 °=I
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o t+——— 777 17—

000 0.02 004 008 008 010 012 014
n

Fig. 5 Comparison of temperature distribution along stagnation
streamline for a preferential case, M = 15.3.
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Fig. 6 Comparison of species mass fractions distribution along stag-
nation streamline for a preferential case, M, = 15.3.

The results presented are obtained by taking into account the
preferential model for the first 15 dissociation equations only. The
reaction rates for the two exchange reactions have been deduced
with a nonpreferential choice.

Concerning the introduction of the preférential model into the ex-
change reactions [Egs. (16) and (17)], it should be pointed out that
this was possible for reaction (16) only, as an attempt to include it
into reaction (17) leads to numerical instabilities (negative concen-
trations of NO behind the shock). Figures 5 and 6 plot the temper-
atures and species mass fractions along the stagnation streamline,
as obtained using the preferential model (U = 85 /6). One notes a
slight widening of the relaxation zone for the vibrational nonequilib-
rium of N and O,, a delay in the dissociation of O,, and, especially,
a much lower production of NO as a result of preferentiality, since
this model implies that exchanges do not take place until the higher
vibrational levels of the molecules are populated.

The second numerical experiment was undertaken for the up-
stream conditions of Rose et al.'* corresponding to M = 14, 16,
and 18 at an altitude of 37 km. Only the results for M = 18 will
be shown here. The effects of taking into account a nonpreferential
CVDV model, by comparison with a model not including coupling,
are presented in Figs. 7 and 8, whereas the differences between a
preferential and a nonpreferential model show up in Figs. 9and 10.In
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Fig.8 Species mass fractions distribution along stagnation streamline,
Mo = 18.

each case, the figures plot the translational and vibrational tempera-
tures and the species mass fractions along the stagnation streamline.
One notes from Figs. 7 and 9 that the shock moves away from the
body nose when the nonpreferential CVDV model is introduced, and
farther on introduction of the preferential model (U = 8p/6)(Ref.
22). In addition, the nonpreferential CVDV model tends to equalize
the behavior of the two vibrational temperatures (Fig. 7); on the
other hand, preferentiality induces a noticeable increase of the vi-
brational relaxation zone. The species mass fractions plots of Figs.
8 and 10 show that both nonpreferential and preferential coupling
produce a delay in the dissociation of the N; and O, molecules and,
thereby, a late appearance of the other three species.

These upstream flow conditions have been often used for code
validations of nonequilibrium hypersonic flow. As regards the
M = 15.3 case, the only available data, given by Lobbs,!? is the
shock-standoff distance with an accuracy of 5% of the shock-layer
thickness A measurements. Candler' uses these data to compare
his numerical results. Our computations are reported on the same
plot (Fig. 11) with Refs. 13 and 15. One notes that our shock stand-
off position is slightly closer to the body and is in agreement with
experimental data. Moreover, the experimental value of shock-layer
thickness A /R, on the body nose is about equal to 0.088 and is in
agreement with our computation. It should be noted that the same

Fig. 7 Temperature distribution along stagnation streamline, Mo, =

=)
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Fig. 9 Comparison of temperatures along stagnation streamline be-
tween preferential and nonpreferential cases, M, = 18.
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Fig.10 Comparison of species mass fractions along stagnation stream-
line between preferential and nonprefential cases, M, = 18.
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Fig. 11 Comparison of shock standoff distance, M, = 15.3.
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Fig. 12 Comparison of temperature distribution along stagnation
streamline, M, = 18.
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Fig. 13 Comparison of heat transfer distribution along body surface
between different models, M, = 16.

agreement has been obtained for lower values of the Mach numbers
(not shown here). .

For the M = 18 case, Josyula and Shang'” performed a nu-
merical simulation with a five-species air mixture, one vibrational
temperature for each diatomic species, and the CVD model pro-
posed by Park.? Figure 12 shows the distribution of the translational
and vibrational temperatures of N, and O, along the stagnation
streamline. The shapes of these curves are rather similar, however,
some differences exist regarding the shock position and the tem-
perature maxima. This might be due to the assumption of thermal
equilibrium of NO molecules and a different CVD modeling in our
computations. In the same paper, Josyula and Shang!” draw the wall
heat flux distributions for Mach numbers ranging from 12 to 18 and
claim an underprediction between 10-23% below the experimental
stagnation heat flux measured by Rose and Stark.!* For two Mach
numbers (M = 16 and 18) the wall heat flux distributions obtained
(after having verified the grid independance of the solutions) by the
present computations, those given by Ref. 17 and the experimental
stagnation point heat flux Ref. 14 are plotted in Figs. 13 and 14.
One can note that taking into account the CVD and CVDV models
leads to an increase of the wall heat flux. Moreover, the experimen-
tal stagnation heat flux data are located between the values obtained
by these models for each case. Finally, it should be stated that the
numerical treatment introduces a slight kink in the profiles due to
the singularity of the equations at the stagnation point.

50 Experiment ref 14

_CVDV (U=w)

Qw (W/m?) *107°

154 Computation ref 17
10

5—.

4
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T NS RSAAL RS AR T T 1
0.0 10.0 20.0 30.0 400 50.0 80.0 70.0 80.0 90.0
7}

Fig. 14 Comparison of heat transfer distribution along body surface
between different models, M, = 18.

Conclusion

Hypersonic viscous flow, past blunt bodies, in thermochemical
nonequilibrium was numerically simulated by an implicit finite-
difference method. The nonpreferential or preferential coupling be-
tween chemical and vibrational processes was studied for Mach
numbers ranging from 14 to 18. These coupling effects lead to
modifications of the distributions of temperatures and species mass
fractions with a delay of dissociation of diatomic species; the stand-
off shock distance is shuffled backward, and the wall heat flux is
increased by about 20% for M = 18. Quantitatively, the numerical
results, concerning the shock standoff distance and the wall heat
flux, are in closer agreement with the experimental data and un-
derline the importance of taking into account the coupling effects
in the physical models. But it is evident that for a complete vadi-
dation of these numerical simulations futher research is needed to
obtain experimental values, such as temperatures and species mass
concentrations, in the hot flow.
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