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in the shock location, there is agreementbetween numericaland an-
alytical pressure jumps. Figure 2 is the axial distribution of Mach-
number pro� les, where the agreement between the numerical and
analytical shock jump is apparent.The effect of the sharp expansion
corner after the � at nozzle throat is re� ected in the Mach-number
pro� les. Figure 3 is the numerical void fractionpro� les. Despite the
wide range of pressure ratio and inlet void fractions among the four
runs, there is again agreement between numerical and analytical
shock jumps.

V. Conclusion
Numericalmass-� ux results have been comparedto experimental

and analytical mass-� ux values. The amount of inlet void fraction,
together with inlet total pressure and temperature, sets the mass-
� ux level. Analytic and numerical shock jumps of pressure, Mach
number, and void are in close agreement.
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In� uence of O2(v) + N = NO + O
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I N a recent investigation1,2 we have studied the nonequilibrium
state-to-state air vibrational kinetics of air mixtures in one-

dimensional nozzle expansion. The main result of this investiga-
tion was the strong non-Arrhenius behavior of the NO formation
rate through the reaction between vibrationally excited molecules
[N2(v)] and atomic oxygen:

N2(v) + O $ NO + N (1)

In turn this was caused by the preferential pumping of high en-
ergy levels of nitrogen by the gas-phase recombination reaction
generating non-Boltzmann vibrational distributions along the axis
of the nozzle. In this Note we present results relative to a further
study of the same nozzle expansion. In particular we have inserted
the reactionbetween vibrationallyexcitedO2 molecules and atomic
nitrogen, i.e., the process

O2(v) + N $ NO + O (2)

Received 13 August 1999; revision received 23 December 1999;accepted
for publication 1 March 2000. Copyright c° 2000 by the authors. Published
by the American Institute of Aeronautics and Astronautics, Inc., with per-
mission.

¤ Researcher, Department of Chemistry, Centro Studi per la Chimica dei
Plasmi, Consiglio Nazionale delle Ricerche, Via Orabona 4.

†Full Professor, Department of Chemistry, Centro Studi per la Chimica
dei Plasmi, Consiglio Nazionale delle Ricerche, Via Orabona 4.

‡Researcher, Aerothermodynamics Section, European Space Research
and Technology Center.

with the double intent to detect any variation of the NO formation
rate as well as to understandbetter the kineticsof O2/O components
in the air mixture.

Process 2 is then inserted in the state-to-statevibrationalkinetics
reported in Refs. 1 and 2, which in turn is coupled to the � uid
dynamics equations describing nozzle expansion. We use the same
nozzle geometries (parabolic and F4 nozzle) discussed in Refs. 1
and 2, whereas the state-to-staterate coef� cients are thosediscussed
in Refs. 3 and 4.

Complete resultsof this studyhavebeen reportedin Ref. 5. In this
Note we want to emphasize the differences in the relevant results
that occur after introductionof reaction 2.

The calculations performed for a 1-m-long parabolic nozzle (see
Fig. 1 of Ref. 1) with reservoir pressure P0 of about 1 atm and

Fig. 1 NO molarfraction pro� le in F4 nozzle calculated with and with-
out reaction 2.

a)

b)

Fig. 2 Arrhenius plot of NO formation rates by a) reaction 1 and b)
reaction 2 in F4 nozzle.
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a)

b)

Fig. 3 Vibrational distribution functions of a) oxygen and b) nitrogen
at the outlet (x = 4 m) of the F4 nozzle calculated with and without
reaction 2.

reservoir temperature T0 values ranging from 4000 to 8000 K
show a substantial agreement with the previous results obtained by
neglecting reaction b. In particular the translationaland vibrational
temperature pro� les along the nozzle axis for different reservoir
temperatures (4000–8000 K) are within 3% in all of the studied
cases. The only exception is representedby the O2 vibrational tem-
perature for T0 =8000 K, which presents larger deviation: in this
case, however, the molar fraction of O2 is very small.

Concerning the molar fraction pro� les of the different compo-
nents along the nozzle axis, differences up to 35% are observed in
the NO pro� le,whereasthe introductionof process2 hasa negligible
role in affecting the molar fraction of the other components.

The vibrational distributions of N2 and O2 calculated in the
presence of process 2 still present the strong deviations from the
Boltzmann behavior because of the recombinationprocess: the dif-
ferences with the results of Refs. 1 and 2 are up to 30% for N2 and
up to 15% for O2 .

These differences propagate in the global rates. As an example,
the formationrate of NO through reaction1 keeps its non-Arrhenius

behavior as shown in Refs. 1 and 2, and the insertion of process 2
has a small effect.

The situationcompletelychanges for the high enthalpyF4 nozzle
(P0 =300 atm; T0 =7000 K) operating at ONERA (see Fig. 16 of
Ref. 5). In particular, the NO pro� le is dramatically affected by
reaction 2 as can be appreciated by looking at Fig. 1, where we
have reported the NO pro� le calculated with and without reaction
2. The pro� le of atomic nitrogen is strongly affected by reaction 2
(Ref. 5).

Interesting also is the behavior of global NO formation rates
through reaction channels 1 and 2. Both rates present a non-
Arrhenius behavior caused by the corresponding non-Boltzmann
vibrationaldistributions(Fig. 2). The insertionof process 2 dramat-
ically affects the formation rate of NO from vibrationally excited
N2 molecules and atomic oxygen (i.e., from process 1): in partic-
ular, differences up to several orders of magnitudes are observed
in the two cases (Fig. 2a) as a consequence of the corresponding
differences in the N2 vibrational distributions (Fig. 3b). In Fig. 3a
we have reported the correspondingvibrationaldistributionsof O2,
which are not affected by the presence of reaction 2 with similar
consequenceson the global dissociation rates of O2.

The presentresultscon� rm thosereportedin Refs. 1 and2, i.e., the
strongnonequilibriumcharacterofvibrationaldistributionfunctions
of diatomic species as well as the strong non-Arrheniusbehaviorof
global rates for their dissociation and for NO formation. Inclusion
of process 2 does not modify the situation reported in Refs. 1 and 2
for the parabolic nozzle.

In differentreservoirconditionsandgeometry(i.e., the F4 nozzle)
the role of process 2 is completely different, a dramatic one.

As a conclusion,we want to stress the importanceof state-to-state
kinetics in characterizinghigh-enthalpy� ows alongnozzleaxis. Fu-
ture improvement in this directioncan be obtained either improving
the input data or using two-dimensional nozzle � ow solvers. In ad-
dition, dedicated experiments for measuring nozzle pro� les of the
vibrational distributions as well as of the global concentrations of
the different species appear necessary to con� rm the importance of
the present physical model.
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