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ROLE OF VIBRATIONAL RELAXATION IN THE
NONEQUILIBRIUM FLOW OF AIR IN NOZZLES

V. N. Komarov UDC 533.6.011.8

As is known, the nonequilibrium excitation of vibrational degrees of freedom occurs along with chemical
reactions in a high-enthalpy air stream in a nozzle., The role of vibrational nonequilibrium has been studied
insufficiently, and in calculations it is assumed, as a rule, that the vibrational degrees of freedom are excited

in equilibrium [1-4].

The nonequilibrium air flow in a nozzle of hyperbolic profile is analyzed in the present report for the
ranges of temperatures and stagnation pressures of 3000 = Té =5000°Kand 1 = p(') = 100 atm characteristic
of the existing hypersonic experimental installations. The dependence of the frozen-in internal energy on the
mode of flow is analyzed on the basis of the calculations conducted. Conclusions are drawn about the influence
of vibrational relaxation on the gasdynamic parameters of a stream.

Gas-Kinetic Model

The following system of chemical reactions [4] is taken as basic for air in the range of temperatures and
pressures under consideration:

Oy +M =20+ M, Ny +M=2N + M,
NO + M 2N+ 0+ M, 0+ N;2NO +N,
NO 4+ 0, = N + 0,, N, + 0, = 2NO,

where M is any of the molecules Oy, Ny, O, NO, or N.

It is assumed that the vibrational temperature of nitric oxide is in equilibrium with the translational
temperature. The kinetic equations of [3] describing the vibrational relaxation in a mixture of polyatomic gases
were used to calculate the vibrational energy of the N, and O, molecules.* The system of one-dimensional gas-
dynamic equations is described in detail in [1-5]. The expressions for the vibrational relaxation times and the
reaction rate constants are taken from [6-8].

* As calculations show, in this case the influence of dissociation on the excitation of the vibrational degrees of
freedom of the molecules is slight.

Zhukovskii. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 2, pp. 46-49,
March-April, 1978. Original article submitted March 10, 1977.
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The calculations were performed for axisymmetric hyperbolic nozzles, whose cross-sectional area F'
is described by the equation F'/ Fx = 1 + (x'/1"?, where I' = ry/ tang' (@' is the half-angle of the asymptotic
cone, X' is the coordinate along the nozzle axis, F = nri’, ry is the radius of the minimum cross section of
the nozzle, and a prime denotes a dimensional physical quantity). In the subsonic part of the nozzle ' = 0.262
cm (p] = 45° and rj = 0.262 cm), while in the supersonic part I' = 1 cm. The calculation method is presented
in detail in [5, 9, 10].

Results of Calculation

The specific internal energy frozen into the stream is w'f = eif + h:f, where exf is the frozen-in specific
vibrational energy and h'f is the frozen-in specific energy due to dissociation.

The calculations performed showed that the N, molecules make the main contribution to the frozen-in
vibrational energy e} for the modes of flow under consideration, since the frozen-in concentration of N, is
considerably higher than the frozen-in concentrations of O, and NO, The energy contribution of the NO mole-
cules to e% is slight. The energy contribution of the O, molecules is about 10% of the total frozen-in vibrational
energy.

The cross sections F?Z/ ¥, in which the concentration and vibrational energy of the N, molecules are
frozen in are presented in Fig. 1 as functions of the stagnation pressure p(') at several values of the stagnation
temperature T;. The cross section for the freezing in the internal energy of the N, molecules formally corre-
sponds to the vibrational energy of N,, which differs from its frozen-in value by 1%. The freezing in of the
concentrations- of the air components, with the exception of the concentration of nitrogen atoms which is neg~
ligibly small for the range of stagnation parameters under consideration, occurs earlier than the freezing in
the N, vibrations and considerably earlier than the freezing in of the O, vibrations. The dimensionless frozen~
in chemical energy hf = h'f/ R'T:, (R' is the universal gas constant and T,, = 273°K) as functions of p; for sever-
al values of T, is presented in Fig. 2.

The dependence of the ratio wg/w, of the frozen-in internal energy to the total energy of the stream on
the stagnation pressure for different T(’) is presented in Fig. 3. At 4000 = T(', = 5000°K and p; = 1 atm the fro-
zen-in energy can comprise more than 40% of the total energy of the stream,

The contribution of the frozen-in vibrational energy to the total frozen-in energy of the stream as a
function of the stagnation parameters is reflected in Fig. 4. With an increase in pressure the vibrational re~
laxation begins to play an ever more important role, and at T = 3000°K the contribution of the vibrations to
the frozen-in energy of the stream is comparable with the contribution of the chemical reactions, With an in-
crease in temperature the role of the vibrations becomes ever less important, and at T = 5000°K and an arbi-
trary pé from the pressure range under consideration the frozen-in vibrational energy comprises less than
25% of the frozen-in internal energy of nonequilibrium air. This is connected with the fact that in a chemically
relaxing stream the concentrations of the atomic components begin to grow and the concentrations of molecules
decline accordingly.
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A Comment on the Entropy Correlation

The so-called entropy correlation represents the dependence of the frozen-in parameters of an air
stream on the entropy in the forechamber [1, 11]. It is very convenient for the quantitative determination of
the concentrations and gasdynamic parameters of a nonequilibrium air stream in a nozzle. The entropy cor-
relation between the chemically frozen-in energy and the concentrations of the neutral components of air on
the basis of an analysis of the calculated data of a number of authors are presented in [12] for a wide range
of stagnation parameters 4000 = T(', < 15,000°K and 10 < py < 8957 atm for the parameter I' = 1 cm (9] = ¢p).

It is interesting to point out the region of application of the entropy correlation. The dependence of the
dimensionless frozen-in internal energy wf = w'f/ R'T;, on the entropy S, in the forechamber (S, = S(')uf,o /R,
where pw = 29 g/ mole) obtained in the present work is plotted in Fig. 5.

The correlation is fully satisfactory for values of Sj corresponding to stagnation parameters py = 10 atm
and Tj = 4000°K. In the region of smaller values of S; the limitation on pj becomes stricter with a decrease
in Tj. AtT}= 3000°K, in particular, the entropy correlation is valid for p; 2 256 atm. Refinement of the kinetic
model of air in the region of low stagnation pressures might permit an expansion of the region of application
of the entropy correlation.
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