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Reactive and Viscous Flow in Hypersonic Nozzles

D. Zeitoun,* E. Boccaccio, M. C. Druguet,i and M. Imbert}
Université de Provence—St. Jérome, Marseille, France

In high-enthalpy hypersonic facilities, the airflow at the exit of a convergent-divergent nozzle is affected by
the high reservoir enthalpy level because chemical and vibrational nonequilibrium processes take place in the
nozzle. The models in the test section are generally located at the nozzle exit, and so the knowledge of the nozzle
flowfield is of upmost importance to obtain the upstream conditions for the flow around the model. This
flowfield is studied numerically by solving the unsteady laminar axisymmetric Navier-Stokes equations, coupled
with those describing the chemical and thermal nonequilibrium processes in the real-air gas mixture. The
equations are solved by an implicit time-dependent finite difference method, including a flux-splitting technique
in the implicit operator. Results show the flowfield in conical and contoured nozzles for different high-enthalpy
reservoir conditions. The chemical and vibrational nonequilibrium behavior in the boundary layer and in the

core flow is also emphasized.

Introduction

BETTER knowledge of chemical and thermodynamical

nonequilibrium processes related to aerodynamic aspects
is needed to study the re-entry phase of the Space Shuttle.
Within this research area, many numerical approaches, taking
into account more or less complicated nonequilibrium models,
have been developed.'* To validate these computations, sev-
eral hypersonic facilities have been built, such as, for example,
the free-piston shock tunnel (TCM2) at the Université de
Provence in Marseille,” within the framework of the European
Hermes program. In such a facility, hypersonic flow is ob-
tained at the exit of a convergent-divergent nozzle, under
high-enthalpy reservoir conditions, produced in a free-piston
shock tube. The test section is located at the nozzle exit, and
to know the nominal flow properties, it is necessary to com-
pute the flowfield in the nozzle before the experiments, for
two reasons. First, contrary to real flight, the flow around the
model is spatially nonuniform, due to the shape of the diver-
gent part of the nozzle and to boundary-layer effects. Second,
the thermodynamic and chemical states of the flow are typi-
cally in nonequilibrium, due to the freezing resulting from the
rapid expansion in the nozzle. Thus, accurate prediction of the
upstream flowfield is essential.

The flow regimes in a convergent-divergent nozzle transi-
tion sequentially from subsonic, transonic and supersonic, to
hypersonic. At the same time, energy exchanges take place,
which give rise to physico-chemical processes, like the vibra-
tional excitation of diatomic molecules, dissociation, and ion-
ization. Successively, equilibrium, nonequilibrium, and frozen
zones are present, depending on the local ratio between the
characteristic relaxation time of each process and the flow
time.® The flow parameters depend on the concentration of
each gas mixture component and on the vibrational energy
distribution of diatomic molecules. The continuous interac-
tion of the chemical and thermodynamical processes with the
flow is taken into account by the coupling between the equa-
tions that describe these processes.
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The present work consists of a modeling and a numerical
simulation of a reactive viscous hypersonic flow in an axisym-
metric wind-tunnel nozzle. In high-enthalpy reservoir condi-
tions, the air is dissociated and may be considered as a mixture
of the five species—N,, O,, NO, N, and O—in an equilibrium
state. In the axisymmetric nozzle, the hypersonic airflow is in
a chemical and thermal nonequilibrium state. The diatomic
molecule NO is taken to be in thermal equilibrium, because its
vibrational relaxation time is found experimentally to be or-
ders of magnitude smaller than those in N, and O,.” The
chemical kinetics are based on a 17-reaction model, with the
corresponding rate constants given by Park.® The source terms
in the vibrational energy equations include the vibration-trans-
lation and vibration-vibration exchanges and the coupled-vi-
bration-dissociation-vibration (CVDV) model. This last for-
mulation also modifies the forward rate constants of the
chemical kinetics.?

The system of equations considered is the Navier-Stokes
equations with the five mass conservation equations for the
chemical species and the two vibrational energy conservation
equations for N; and O,. This system of 10 equations is solved
by a noniterative implicit finite difference scheme, with a
flux-splitting technique in the implicit operator.!®-!! This
method was chosen to overcome two principal difficulties.
The first one is the stiffness of the problem, due to the chem-
ical and vibrational processes, and the second one is the need
for using fine meshes near the wall to capture correctly the
boundary-layer effects. After discretization, the linear system
is a block-pentadiagonal matrix and can be solved by either
the Gauss-Seidel line or point relaxation methods. This im-
plicit approach also allows the use of a larger integration time
step than that imposed by the Courant-Friedrichs-Lewy (CFL)
condition, and this reduces the CPU time required to reach
steady state.

Two nozzle shapes have been considered. The first is conical
with 45 and 10 deg convergent-divergent angles and an exit
area ratio of 4444 over a 1.12-m length. This nozzle has been
chosen as the 8.2 test case of Ref. 12, with pressure and
temperature reservoir conditions taken as P, = 1530 bars and
Ty = 6500 K, respectively. A value of P, = 1000 bars was
also tested. The second configuration is a contoured nozzle
with an exit area ratio of 4480 over a 3.40-m length and
reservoir conditions of P, = 2000 bars and 7, = 8500 K.
Results show the evolution of the flow parameters in the
boundary layer and the core flow and the chemical and vibra-
tional nonequilibrium and freezing behavior along the noz-
zles. A comparison with Gnoffo’s computations!? is also made
for the 8.2 test case.
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Governing Equations

In a cylindrical coordinate system, the axisymmetric conser-
vation equations for an air mixture in a thermal and chemical
nonequilibrium state can be expressed in vector form as

1
U + 8, (F, + F,)+ 3,(G. + G,) +;H,, +H, =0 4))]
The vector of conservative quantities is given by

=[ps(S:17"'15)) pu, pv, PE, piev,-(izly 2)]T (2)

where p; is the density of each species; the subcript s represents
the five species—N, O, NO, N,, and O,—of the air mixture;
i =1, 2 refers to the diatomic species N, and O, (NO is
assumed to be in a thermal equilibrium state); p is the density
of the mixture; ¥ and v are the components of the velocity V;
and pFE is the total energy per unit volume, containing transla-
tional, rotational, and vibrational energies, the latent chemical
energy of the species, and the kinetic energy of directed mo-
tion; pFE is given by
5 2 5
pE = EIPSCVST + .):lpiev,- + PNOEyyo + leshsf‘“ + VapV? (3)
§= i= §=

In Eq. (1), the vectors F, and G, represent the Eulerian convec-
tive fluxes, whereas the viscous terms F, and G, contain the
transport term expressions, such as diffusion velocity of each
species, stress tensor, and heat flux. In these expressions, the
viscosity and the thermal conductivity of the mixture are cal-
culated from Wilke’s mixing rule,'* and the binary diffusion
coefficient from the empirical formula given by Chapman and
Cowling.!* The vector H, includes the axisymmetric terms of
the equations. A detailed description of these vectors can be
found in Ref. 16. The vector H; = (w;, 0, 0, 0, w;)7 contains
the chemical source terms w;, due to the net rate production of
each species, and the vibrational source terms w; of the species
N, and O,. These source terms are the result of the chemical
and vibrational nonequilibrium modeling and are described
hereafter.

Chemical Nonequilibrium Modeling
In the air mixture, each species is considered as a perfect
gas. The chemical source terms are derived from the reactions
that occur between these species. They are given by the follow-
ing 17-reaction scheme?:

Ny + M=2N+ M
O+ M=220+ M
NO+M=N+0O+M @
NO +O=N+ 0,

with M = N, O, NO, N,, and O,.
The magnitude of mass production or removal is obtained
from

os \Vir 0s \Vsr
s =ML —vi) | K I ) — ko, X\ 5
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where v, and v} refer to the stoichiometric coefficients,
whereas the forward and backward reaction rates krand &, are
given by the Arrhenius rate equations. These equations are
computed using the translational temperature with coeffi-
cients given by Park.? If one takes into account the coupling
between chemical and vibrational processes, the forward
reaction rate ks of the dissociation equations is modified as
follows:

ki = kv 6)

where V represents the coupling factor, which depends on the
vibrational modeling, through the ratio of partition functions
o
o) QTR
o(Ty) Q(-U)

O]

where T is the translational-rotational temperature, Ty, is the
vibrational temperature deduced from the vibrational energy
of the diatomic species i, and TF, is an average temperature
defined by the following expression:

1 1 1 1

——— e — 8
Tr, Ty, T U ®

where (— U;) can be considered as a temperature correspond-
ing to the probability of dissociation from a vibrational level;
its value depends on the model being considered. In the case of
a nonpreferential model, the probability of dissociation is the
same whatever the vibrational level, and U; = co. But with the
preferential model, the diatomic molecules dissociate prefer-
entially from the upper levels, and the value of U; is of the
order of magnitude of the dissociation characteristic tempera-
ture BDi (Ref. 9).

Vibrational Nonequilibrium Modeling

The coupling between chemical and vibrational processes
also modifies the source terms w; in the vibrational equations
of the diatomic species, which can be written as the sum of the
different exchanges:

W = Wyr—» + Wir-p + Wic-n )]

In this expression w;r_y, represents the internal energy ex-
changes between the translational and vibrational modes and
is classically described by the Landau-Teller formulation:

0
Py, —pe€y;

WYT-v) = T
i

+ eyl.wszl (10)

where eV is the vibrational energy at equilibrium; since w;r- v,
takes into account all of the v1brat10nal translational ex-
changes, the global relaxation time 7]7 is expressed as:

1 &
= 1)
WA (

where £; is the molar fraction of each species s, and TVT is the
relaxation time for the exchanges between the dlatomlc
molecules i and any species s; 7/7 has the following general
form:

pr}{ = axT"s exp(—csT™" + dy) (12)

where a;;, D, ¢, and dj are constants depending on the
colliding species (which can be found in Ref. 16), and p is the
pressure.

The w;y_ v, refers to the exchanges between the vibrational-
vibrational modes of diatomic species:

11 By, 0,
Wiy- iy = W pROV pjéy; (PzeV + piR; 9V Jexp T

—pev,(ojey; + Pjij)Vj)] (13)

where R; is the molar gas constant ()V is the vibrational
characteristic temperature, and 7}7 is the 'relaxation time for
V — V exchanges.!”

The last term, w;c- 1y, corresponds to the dissociation-vi-
bration coupling and arises due to the fact that the average
vibrational energy of the molecule is partly determined by the
chemical relaxation: a recombination or a dissociation of a
molecule leads to a gain or a loss in the average vibrational
energy:

(0:)

wic-n = —ley, (Tg) - eV(TV)]|: Y

] + [er,(~ Uy)
f

(14

d(m)}
dt

_eVl»(TV,v)]|:
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where ey, (TF,) is the average value of the vibrational energy
lost in one dissociation and ey, (— U;) is that gained with each
recombination. Under equilibrium conditions, ey, (—U)
is the limit of ey, (Tr,) when Ty, tends to T ey, (Tr,) can
be written as®

Ry, N8y,
exp(@y,/Tr,)—1  exp(Nify./Tr)— 1

T = as

where NV; is the number of vibrational levels corresponding to
the dissociation energy of the molecule i.

It is important to note that the influence of each term in this
vibrational nonequilibrium model will be computed in an in-
viscid nozzle flow. This will eventually allow simplification of
the model when treating the viscous case.

Computational Procedure

The unsteady flow equations (1) must be integrated in time
from an initial solution for the convergent-divergent axisym-
metric hypersonic nozzle with given reservoir and wall condi-
tions. The complete physico-chemical model is used with an
assumption of inviscid flow to evaluate the influence of the
various processes on the flow parameters and to deduce some
simplifications. Then viscous effects are analyzed to obtain
more realistic predictions of properties along the axis and at
the exit section of the nozzle.

To correctly describe the dissipative effects in the wall
boundary layer that develops along the nozzie and the strong
flow gradients around the nozzle throat, the mesh distribution
must be quite stretched, and consequently the explicit integra-
tion time step is very small. To overcome this difficulty and
others, due to the stiffness of the chemical and vibrational
equations, the system of 10 governing equations (1) is solved
by a strongly implicit finite difference scheme like that used by
MacCormack.!® The physical domain (x, y) is transformed
into a rectangular one (£, 1), and for each node (i, j) of this
domain the system of equations is written at each time step
(n + 1A as

n+l__pyin

L= + E(Fe +FYy !+ B—(Ge +G,)" !

At D¢ Dy

1
+;H;“+HS"“=O (16)

If ® represents one of the vectors of this equation, it is lin-
earized to yield the expansion

LA <§E>n6U” (17
v,

where (3®/3U) is the Jacobian matrix and 6U” = U"+1 - U~,

Under these conditions, and after having split the vectors F,
and G, into a positive and a negative part with the nondissipa-
tive flux-splitting technique,'® the system (16) is equivalent to

D.A. D._ D2 . D
[1+At< :A. DA, D, D.B. DB,
A Af? Ay Ap
DR,
A‘r]z

1
+ +Cat qﬂw" = AU" (18)

In this equation, D, D,, and D_ are, respectively, central,
forward, and backward difference operators, whereas 4 _,
A,.,S,B_,B,,R,, C,, and C;are the Jacobian matrices of
F;,F',F,,G7,G,",G,, H,, and H,; C, contains only the
Jacobian of the nondissipative part of the vector H,.

After discretization, the system (18) may be written as a
pentadiagonal matrix linear system:

B 6U7 + A j6Uf + G 0U7 |+ D, ;68U

+ 1,7

+E 00" = AU, (19)

At each time step, a predictor-corrector scheme is used, and
the system (19) is solved by a Gauss-Seidel line or point relax-
ation method, with alternating sweeps in the backward and
forward £ direction. The conservation vector U is updated by

Ui’)’j“ = U/ + oU}; (20)

The knowledge of the vector U allows us to obtain the follow-
ing variables: ps (s =1,...,5), p, u, v, ey, (i =1, 2). After
that, the temperature is deduced from Eq. (3) using a Newton-
Raphson iteration, and the pressure is found through the state
equation of the gas mixture.

Boundary conditions of the computational domain are the
following:

1) At the wall nozzle, the translational and vibrational tem-
peratures are given, u =v =0, 0P/dn =0, and the wall is
assumed to be fully catalytic.

2) At the symmetry axis, the reflecting image principle is
used.

3) At the exit boundary, all flow variables are extrapolated
from the computed values.

4) For the inlet boundary, a detailed description is given in
a previous paper.'!

During the iterative procedure leading to the steady state,
the integration step time At was increased from 5 to 1 x 103
Atcrr .

Conditions of Numerical Simulation

As mentioned earlier, two nozzles have been studied: a
conical and a contoured one.

For the conical nozzle, the main dimensions, such as con-
vergent and divergent angles o and 3, throat and exit radii r*
and r,, and total and divergent length L and /, are reported in
Table 1. The reservoir conditions of pressure, temperature,
speed of sound, and species concentrations, which are ob-
tained by an equilibrium assumption, and wall conditions are
also given in Table 1. These reservoir conditions correspond to
a reduced total enthalpy Hy/RT? (RT® =288 x 273 J/Kg)
equal to 131. In this nozzle, a lower value of the reservoir
pressure of 1000 bars was also tested to study the influence of
the reservoir pressure in the practical operating range of the
facility; for this case the reservoir conditions are also recorded
in Table 1.

A grid resolution study was performed to determine the
number of points required in the £ and 5 directions to capture
correctly the flow gradients around the throat region and in
the boundary layer.'® In the first application, a mesh system of
64 x 72 points is used with Axy,,, = 3.24 X 10~* m located at
the throat section, and Ay, = 2.1 1078 m at the wall, with 51
mesh points in the boundary layer. In the lower pressure case,
the mesh distribution was of 64 X 81 points. A steady-state
solution for the nonequilibrium flow in the whole nozzle was
obtained in 7000 iterations, with an integration step time that
increased from 5 to 1 X 10° Atgey .

Table 1 Geometrical dimensions and reservoir
conditions of the nozzles

o,deg B,deg r*, m r,,m L,m [, m
45 10 31073 020 1.13 1.12

Py, bars Ty, K ag, m/s YN2 Yo, YNO

Reservoir conditions

for conical

nozzle: case I 1530 6500 1710
Reservoir conditions

for conical

nozzle: case II 1000 6500 1725
Reservoir conditions

for contoured

nozzle: case I 2000 8500 2057

T, = 600 K

0.689 0.0535 0.156

0.693 0.0455 0.144

0.674 0.0143 0.112

Wall conditions Fully catalytic wall
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In hypersonic facilities, contoured nozzles are often used to
obtain uniform hypersonic flow at the nozzle exit. The shape
of this kind of nozzle leads generally to a length of the diver-
gent part of several meters. In the present numerical simula-
tion, a contoured nozzle has been chosen of 3.41-m length
with an exit section ratio of 4480 and a throat diameter of 1
cm, like the previous conical nozzle. The reservoir conditions
are also given in Table 1, and wall conditions are the same as
those given in Table 1. In this example, the reduced total
enthalpy (Hy/RT° was equal to 200. The mesh system was of
125 x 72 points, and the steady state was obtained after about
10,000 iterations.

In these nozzle computations, it was noticed that a steady
state was obtained after about 700 iterations in the convergent
section and around the throat region.

The numerical simulations were performed on a Cray II
computer, and the CPU time/pt/iteration was equal to
2 x 10735 using the line Gauss-Seidel relaxation. This CPU
time was reduced by a factor of 2 by using a point Gauss-
Seidel relaxation.

Discussion of Results
The inviscid nozzle flow was first studied numerically. Pre-
vious results'® have shown that the vibration-vibration ex-
changes and the vibration-chemical coupling processes have
very little effect on the evolution of the flow parameters. The
maximum effect is on the Ty, evolution and is on the order of

7
6+ e = Vib. noneq.
1 0 = Vib. eq.

54 o0 = Non-reactive

T (103 K)

0 4+ AR S——— e

1
-0.05 0.25 0.55 0.85 1.15
x (m)

Fig. 1 Centerline temperature distributions for the three different
assumptions.

16
124
= 89
4'_ ® = Vib. nonegq.
| 0 = Vib. eq.
| 0= Non-reactive
04 T T

-0.056 0.25 0.55 0.85 1.18

Fig. 2 Centerline Mach number distributions for the three different
assumptions.

0.204

Ys

€

0.00-
-0.05 0.00 0.05 0.10 0.15 0.20

x (m)

Fig. 3 Centerline species mass fraction distributions for the three
different assumptions.

about 5%. On the basis of these results, the very fast freezing
of the nonequilibrium effects and the decrease of translational
temperature along the nozzle, these two processes have been
neglected in the numerical model; therefore, only the transla-
tional-vibrational exchanges are taken into account in the
vibrational modeling. It is obvious that these conclusions are
only valid for this kind of nozzle for the specified reservoir
conditions.

Conical Nozzle

Influence of Nonequilibrium Processes

For the first case, three computations were made to empha-
size the importance of the nonequilibrium effects: 1) in
chemical and vibrational nonequilibrium, 2) in chemical
nonequilibrium supposing vibrational equilibrium, and 3) a
nonreactive gas flow computation. These three computations
are, respectively, called “Vib noneq,”” ‘‘vibeq,’’ and ‘‘non-re-
active’’ in Figs. 1 and 2. These figures show, respectively, the
axial evolution (throat located at x = 0 cm) of the transla-
tional-rotational temperature 7 and the Mach number. They
reveal the existence of a wide discrepancy between the nonre-
active computation and the nonequilibrium one, pointing to
the importance of the nonequilibrium processes on the flow
properties. A variation of about 30% in the axial Mach num-
ber at the nozzle exit section was predicted. In fact, exother-
mic chemical reactions lead to an increase of the temperature
of the gas mixture and so to a reduction in Mach number.
However, the misfit in temperature between the two nonequi-
librium cases is less important. This difference in behavior can
be explained by the freezing of the vibrational energy levels,
resulting in a decrease of the temperature 7. Because the
vibration-chemical coupling has been neglected, the influence
of vibrational nonequilibrium on the evolutions of species
mass fractions is negligible; therefore, only the axial evolution
of mass fractions for the full nonequilibrium case is shown in
Fig. 3. Equilibrium, nonequilibrium, and frozen zones can be
observed. The flowfield is chemically frozen at 7 cm, where
the dissociation of NO and the recombination of O, can be
noted. At the center of the exit section, the mixture is com-
posed of 74% N,, 18% O,, 7% NO, and 1% O.

Code-to-Code Comparison

As experimental results are not yet available, a comparison
with Gnoffo’s numerical results,!3 obtained with 40 x 80 mesh
points, is made. Figure 4 shows the predicted centerline evolu-
tion of the temperature: good agreement between computed
results for the two computations was obtained in the throat
region where the gradients are important. A discrepancy is
apparent after the first 30 cm of nozzle length. From this
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Our results

Gnoffo’s results

T (103 K)
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Fig. 4 Comparison of centerline temperature distributions.
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Fig. 5 Comparison of centerline vibrational temperature distribu-
tions.

section downstream, the freezing vibrational energy of the
diatomic species O, becomes in the nozzle, as shown in Fig. 5,
where the centerline evolution of vibrational temperatures is
plotted. The discrepancy was a result of the two different
vibration models adopted. In the present work, a three-tem-
perature model was used, whereas Gnoffo used only two
temperatures.

The influence of these different models is less important on
the evolution of species mass fractions. For example, Fig. 6
represents the centerline evolution of O,; the discrepancy is
about 3% between the two simulations. But in Gnoffo’s caicu-
lations the exit Mach number, equal to 10, is lower by about
10% than that obtained in the present calculations
M =11.2).

Figures 7 and 8 show a comparison of the transverse profiles
of temperature and velocity in a section at x = 1.07 m near
the nozzle exit. These profiles are shown for only 10% of the
nozzle exit radius, which corresponds to the boundary-layer
thickness. Notice that the same value of the core flow velocity
is predicted and that the velocity profiles have a slightly differ-
ent shape (Fig. 7). Considering the temperature profiles, the
discrepancy in the maximum values is about 150 K, and more-
over the peaks are not located at the same distance from the
nozzle wall (Fig. 8). These discrepancies can be explained,
first, by the vibrational modeling that modifies the transla-
tional temperature, as deduced from Eq. ( 3), and, second, by
the different expressions' of the transport coefficients, and,
finally, by the choice of flux-vector splitting.

Influence of the Stagnation Pressure

A stagnation pressure of 1530 bars may be impractical in the

Marseille facility. For this reason a computation with 1000
bars was made to study the influence of the stagnation pres-

0.20
1
4
0.15
] Our results
& 0 - Gnoffo’s results
S 0.1 ] -
0.05 =
)
)
0.00 S

S —
~0.05 0.00 0.05 0.0 015 0.20
x (m)

Fig. 6 Comparison of centerline mass fraction distributions of O;.
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0.024 Gnoffo’s results
0.00 v r
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T (K)
Fig. 7 Comparison of temperature transverse profiles in the boun-
dary layer at x = 1.07 m.

0.104

Our resulits

Gnoffo’s results .

o 1000 2000 3000 4000 5000
V (m/s)

Fig. 8 Comparison of velocity transverse profiles in the boundary
layer at x = 1.07 m.
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sure on the flowfield parameters. The reservoir conditions
corresponding to this pressure are indicated in Table 1. A
comparison of the centerline evolution of the temperature and
Mach number is shown in Figs. 9 and 10; a weak influence of
the reservoir pressure is noted. At the exit section, a variation
of about 1% can be observed in the Mach number and 2% on
the vibrational temperature of N,. However, although the

5 1000 bars

T (103 K)

Fig. 9 Centerline temperature distributions at different reservoir
pressures.

12

104

1000 bars

1530 bars

4 -
2
R e e — Tr—rr—rr T—
-0.05 0.25 0.55 0.85 1.15
x (m)

Fig. 10 Centerline Mach number distributions at different reservoir
pressures.

I

o
E - 1530 bars
]
£

N

o
B~ 1000 bars
~—Q
>

0.00  0.18 0.32 0.48

level of freezing of Yn, was not influenced by the reduction of
the stagnation pressure (Fig. 11), the freezing values of Y02
and Y, were different for the two cases (Fig. 12). Therefore,
it can be concluded that even though the flow parameters are
weakly influenced by the stagnation pressure in the range of
1000-1530 bars, the air mixture composition depends on the
pressure level. The two computational results are also com-
pared using contour plots of Mach number (Fig. 13). The
development of the boundary layer along the nozzle wall is

0.74
0724 1000 bars
o8 - _1536-bars
z A —————————————
>
0.70
0.68 S — M

-0.05 0.25 0.55 0.85 1.15

Fig. 11 Centerline N2 mass fraction distribution at different reser-
voir pressures.

0.20

Yoo
0.154
, 1000 bars
n 1 " 1530 bars
> 0.101] _—
0.05 J
44
- _ Yo
0.00 +—+—rr

x (m)

Fig. 12 Centerline species mass fraction distributions at different
reservoir pressures.

0.684 0.80 0.96 1.12

x (m)

Fig. 13 Mach number contours (AM = 0.25) at different reservoir pressures.
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Fig. 14 Boundary-layer displacement thickness at different reservoir
pressures.
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Fig. 15 Centerline temperature distributions in the contoured
nozzle.
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Fig. 16 Centerline Mach number distribution in the contoured
nozzle.
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Fig. 17 Centerline species mass fraction distributions in the con-
toured nozzle.
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Fig. 18 Mach number contours (AM = 0.25) in the contoured nozzle.

shown, and the boundary-layer thickness is about 10% of the
exit radius; outside the boundary layer a uniform flowfield in
the nozzle exit section can be observed. Finally, the boundary-
layer displacement thickness 6*, defined by the following
expression,

R(x) ou
RYx) = [R(x)~8"(x)* = ZX <1 ——>y dy @D

R(x) - 8(x) Pelle,

is plotted on Fig. 14 for the two computations. A decrease of
P, by 33% leads to an increase in 6* of 18% at the nozzle exit
section.

Contoured Nozzie Results

Numerical results of the computation of hypersonic flow
for the contoured nozzle are now presented. The centerline

evolutions of the various temperatures are plotted in Fig. 15.
A freezing of Ty, is observed at 70 cm at a value about 2200
K, whereas T, is practically in vibrational equilibrium. The
value of the translational-rotational temperature 7 at the exit
plane is equal to 568 K. Figure 16 shows the centerline distri-
bution of the Mach number M. A rapid increase of M was
predicted for the first half of the divergent section and a linear
progression for the second half, whereas the exit value of the
Mach number is about 10.5. The centerline evolution of mass
fractions is shown in Fig. 17. It shows that the flowfield is
chemically frozen at 25 cm for Yyo and at 31 cm for Yo, and
Yo,. Contrary to results for the conical nozzle, the chemical
and vibrational nonequilibrium regions are more important
for this type of nozzle due to the higher value of the throat
radius and the shape of the divergent section. Moreover, for
the assumed nozzle contour, its shape does not lead to a
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Fig. 19 N, vibrational temperature contours (A7) = 200) in the contoured nozzle.

uniform exit Mach number. The Mach and Tyy, contours
(Figs. 18 and 19) show a different behavior of the flowfield
than in the conical nozzle. In each cross section, the flow is
spatially nonuniform, due to a compression wave that appears
at 30 cm from the curvature of the wall. At the nozzle exit
section, a nonuniformity in the Mach number of about 0.5
was obtained (Fig. 18), and the freezing of Tyy, in the
divergent part of the nozzle followed this compression wave
(Fig. 19).

Conclusions

Numerical simulations of hypersonic flows in conical and
contoured nozzles have been carried out by solving the Navier-
Stokes equations, taking into account the thermal and chemi-
cal nonequilibrium processes that occur in the air mixture
flowfield.

A complete description of the flowfield in these nozzles has
been obtained, and, more specifically, a knowledge was
gained of the exit flow properties and the thermal and chemi-
cal behavior of the different species that make up the air
mixture.

The numerical results show the influence of the pressure and
the shape of the divergent part of the nozzle on the chemical
and vibrational freezing levels and the growth of the boundary
layer up to the exit section. They also show that it is easier to
obtain an exit uniform flow with a conical nozzle than with a
contoured nozzle; it is important to note that these exit pro-
perties will have to be used as initial flow conditions in flow-
field studies of models in hypersonic facilities. A comparison
with Gnoffo’s results illustrates the influence of the vibra-
tional model on the temperature distributions in the nozzle.
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