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Modeling of chemical and ionization reactions at the extreme conditions of upper-atmosphere
hypersonic flow has been critical for spacecraft design from the Apollo era to the present because
chemical activity in the flow reduces heat transfer. Nitrogen, which behaves as an inert gas in
ambient flows, becomes chemically active under conditions of hypersonic reentry (~10,000 K).
Atmospheric chemical reactions during hypersonic reentry are dominated by dissociation of
diatomic nitrogen and oxygen molecules and exchange reactions involving diatomic molecules
and single atoms. At higher temperatures, ionization also occurs.

The challenges of modeling gas-phase chemical reactions are accentuated in the case of
hypersonic reentry into the earth’s atmosphereand other planetary atmospheres. During the reentry
process, air is not in thermal equilibrium and thus cannot be characterized by a single temperature
T . Therefore, chemistry models for such nonequilibrium processes using equilibrium (single-

temperature) Arrhenius rates k(7") are of questionable applicability at best.

After more than fifty years of intense investigation, the problem of accurately predicting
chemically reacting flow fields remains an active area of research. Many unsolved problems
remain, and our ability to simulate reentry flows is limited. The main cause for the inadequate state
of upper-atmosphere chemical-reaction modeling is the difficulty in accurately measuring internal-
energy-state-specific reaction rates to validate theoretical models in the temperature range of
interest. Efforts to compile a set of reaction rates for hypersonic applications were hampered by
this lack of high-temperature data and thus were based on low-temperature equilibrium reaction-

rate measurements. The rates suggested in these compilations are fittings of the most reliable
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measured data sets. In some cases, the measurement uncertainty associated with the spread of these
measurements exceeds one order of magnitude.

Given the paucity and the uncertainty of Arrhenius-type chemical-reaction rate measurements
in the high-temperature regime, theoretical physical and chemical approaches have been employed
to gain a more fundamental understanding of chemical reactivity and to quantify the effect of
nonequilibrium on chemical-reaction rates. These approaches have led to multiple new theoretical
and empirical models. More recently, with the rapid growth in available computational power,
techniques previously employed only in physical chemistry are now being employed to simulate
molecular collisions at a fundamental level and thereby to provide macroscopic information that
can be used by flow solvers.

Even in the absence of complete understanding, models have been developed to simulate
nonequilibrium reacting flows for design purposes. However, the uncertainty of these models is
the limiting factor in the application of numerical simulation methods as design tools. A better
understanding would lead to the design of spacecraft with broader performance envelopes (higher
speed, more payload, improved safety).

The purpose of this special section is to present some of the current trends and to bring forth
the broad range of ideas, challenges, and applications that permeate this field of research. Although
not an exhaustive review of modern ab-initio approaches, the following articles present and
critically review the state of the art of currently available models. The guest editors hope that this
special section will stimulate a scientific dialog on the development, verification, validation, and

application of detailed chemical-reaction models for the simulation of nonequilibrium flows.
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