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Fully kinetic, vibrationally kinetic, and continuum solvers with varying model fidelity are used in this work to

model the high-temperature relaxation of air in 7230 and15,000Kadiabatic heat baths anda 6 km∕shypersonic flow
over a cylinder. The results show significant impact of uncertainties in vibrational relaxation times and reaction rate

constants on thermal and chemical relaxation, in particular, on gas temperature and species mole fractions. Most

notably, these uncertainties need to be reduced for collisions that includenitric oxide.Order-of-magnitudedifferences

in the nitric oxide dissociation and recombination rates have a large impact on the peakNOmole fraction immediately

behind the shock and surface-distributed heat flux, respectively. High-fidelity kinetic and continuum approaches are

found to have different reaction channels having the largest effect on species mole fractions and gas temperature:

N2 �O exchange and O2 �O dissociation in the former, and NO�O and O2 �N2 dissociation in the latter.

I. Introduction

D EVELOPMENTofmethods andmodels that adequately predict
fundamental physical properties and allow credible and effi-

cient optimization for future operational high-speed vehicle systems
has been a long-standing goal of research in hypersonics and space
technologies. Simulation of high-altitude environments, which tradi-
tionally aims at improving flight planning designs for such systems,
meets significant challenges attributed to thermal and chemical
effects inherent in high-energy molecular collisions in the gas phase
and at the surface. The excitation of internal degrees of freedom and
dissociation of oxygen and nitrogen molecules result in a significant
decrease of gas temperature inside the hot layer of gas between the

shock wave and the surface. This, in turn, affects flow observables,
such as UV emissions, as well as surface properties, most notably
distributed heat fluxes. Recent computational studies [1] have shown
that predicted surface properties, both aerodynamic and thermal, are
sensitive to the nonequilibrium thermochemistry modeling. Non-
equilibrium gas flows have been the primary scope of several exper-
imental campaigns [2–5] conducted over the last two decades. These
measurements, performed to provide surface and flow properties to
modelers, are an important step toward building a reference database
for the validation of numerical approaches and models. Successful in
many aspects, these efforts, however, fell short of providing conclu-
sive datasets that unambiguously define the key excitation and reac-
tion processes in high-temperature air [6]. Today, there is still a
considerable level of uncertainty related not only to nonequilibrium
rates and the interaction between these processes, but often even to
single-temperature rates. Specific examples relevant to aerothermo-
dynamic properties are nitrogen high-temperature dissociation and
low-temperature recombination, and to flow observables, all excita-
tion and reaction processes involving nitric oxide.
There are two primary reasons for the lack of consensus among

modelers on what rates and models to use in each specific case. The
first is related to the quality of underlying data that these rates are
based upon. As described in Ref. [6], themain body ofmeasurements
from the 1960s and 1970s had unknown degrees of vibrational non-
equilibrium, and the rates inferred from them had to rely on semi-
empirical models for interpretation. There is also considerable scatter
and variation among the results. Even for relatively simple cases of
binary gases, experimental error bars on the order of 20% in gas
macroparameters [5] often translate to much larger error bars in the
excitation and reaction rates [7]. The second reason is the multi-
parametric nature of nonequilibrium high-temperature air flow mod-
eling. There are many competing processes that may influence flow
observables to a different extent, and even a single process depends
onmany parameters. An example here is dissociation of nitrogen and
oxygenmolecules, which depends on internal and translational states
of reactingmolecules, and is further complicated by unknown energy
disposal over reaction products. The complex set of processes that
contribute to the measurable quantity, often supplemented by
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unknown level of uncertainties in the freestream conditions, is the
reason that validation of specific reaction rates from heat flux or other
surface measurements is often not possible. Comprehensive uncer-
tainty quantification studies, such as Refs. [8,9], are a robust tool that
is expected to help design and interpret improved experimental
studies. Such studies are expected to provide an important input into
what processes, and possibly flow conditions, need to be the focus of
experimental research, which still needs to be the main path toward
decreasing rate and model uncertainties.
Large, and sometimes unacceptable, numerical error bars that

adversely affect credibility of hypersonic flow modeling have been
well recognized by the research community, and remarkable progress
has beenmade over the last few years toward improving the accuracy
of numerical analysis of high-temperature nonequilibrium air flows.
Both theoretical and experimental work contributed to that progress.
The development of accurate potential energy surfaces for oxygen
and nitrogen collisions, and the use of those surfaces in parametric
quasi-classical trajectory (QCT) calculations, made available high-
fidelity state-specific rates and detailed cross sections for internal
energy excitation, dissociation, and exchange reactions for key col-
lision paths [10,11]. Increasing accuracy and relevance of conditions
in experimental studies, primarily those currently conducted in shock
tubes, with both incident [5] and reflected [12–15] shock configura-
tions, and in hypervelocity wind tunnel and expansion tube facilities
[16,17], all promise to offer reliable data with error bars significantly
lower than those of past experiments. Such theoretical and exper-
imental achievements, as it was argued in our earlier work [18], may
provide a solid basis and motivation for adopting a common set of
benchmark cases in the nonequilibrium computational fluid dynam-
ics (CFD) community, similar to theGaseous Electronics Conference
Radio Frequency (GEC RF) Reference Cell in the plasma physics
community [19].
A small step in this direction was made in Ref. [18], where

Hypersonic NonEquilibriumComparison Cases (HyNECC) for non-
equilibrium CFD methods were introduced (see also www.github.
com/hynecc). Reference [18] presented only a tentative outline of
possible flow conditions, whereas the first in-depth analysis of
comparison cases was conducted in Ref. [7]. In that work, high-
temperature binary-mixture oxygen and nitrogen adiabatic heat
baths have been modeled with multiple two-temperature CFD, vibra-
tional state-specific, and fully kinetic solvers. Analysis of single-
temperature and nonequilibrium excitation and reaction rates has
shown the largest differences formolecule–atom vibration–translation
(VT) relaxation and N2-N2 dissociation, especially at higher tem-
peratures. It was noted in Ref. [7], and it is also the belief of the
authors, that accurate shock-tube data on high-temperature nitrogen
relaxation, preferably with error bars within 5%, may be required to
address these differences. For oxygen, state-of-the-art theoretical and
experiment-based relaxation rates are relatively close. Comparison of
state-specific and two-temperature approaches has shown qualitative
differences in the time-dependent nonequilibrium reaction rates and
their ratio to the corresponding single-temperature rates. For fully
kinetic and master equation (ME)-based approaches, there is a well-
defined plateau observed at a time when the gas vibrational temper-
ature approaches the translational temperature, and the thermal
relaxation proceeds through a quasi steady state. There is no such
plateau observed in the two-temperature solutions.Not unexpectedly,
the computations also showed a major impact of the vibration–
dissociation coupling on the temporal relaxation of gas properties.
In the present work, the analysis ofmodels andmethods performed

in Ref. [7] for the high-temperature adiabatic relaxation of binary
mixtures of oxygen and nitrogen is extended to reacting air. Such an
extension, while adding more complexity due to significantly larger
number of thermal and chemical processes, at the same time provides
a number of opportunities. First and foremost, there is nitric oxide
formed in molecule–atom exchange reactions, which is usually the
easiest target for optical diagnostics, and it is thus interesting to
examine factors that affect density and temperatures of this species.
Second, the ongoing experimental work on reflected shocks in air
[14], with their high-accuracy UV absorbance measurements that
provide information on vibrational temperature and dissociation of

oxygen, provides motivation to evaluate the sensitivity of oxygen
properties to various thermal and chemical processes in air. Finally,
modeling air allows for replicating flight conditions, and thus one
may establish a connection between thermal relaxation behind a
shock wave, often approximated by adiabatic relaxation, and surface
properties. To this end, both spatially homogeneous thermal bath and
a flow over a cylinder are considered here. For the former, all kinetic
and continuum solvers of Ref. [7] are used here, with more reaction
and thermal models added for the sake of completeness, as discussed
below. For the latter, the direct simulation Monte Carlo (DSMC)
method and the solution of the Navier–Stokes (NS) equations are
considered, with the same models as for the thermal bath.

II. Flow Conditions

There are several flow conditions considered in this work, listed
here in their increasing physical and modeling complexity. The first,
called hereafter Test Case 1, or TC1, is a spatially homogeneous
thermal heat bath, chosen here to replicate the conditions behind a
reflected shockwave in one of the experiments presented inRef. [14].
In this case, the initial condition is a 79%N2-21%O2 mixture kept at
Ttrn � Trot � 7230 K and Tvib � 300 K, with a gas pressure of
32 Torr. The gas is then relaxed adiabatically through thermal energy
transfer and chemical reactions. The conventional set of 15 dissoci-
ation–recombination and 4 exchange reactions is modeled. No ion-
ization reactions are considered in this work, but electronic excitation
is included in some cases, as discussed below. Simulations cover
significantly longer relaxation time of 2 ms than 50 μs observed in
the experiment [14]. This time is sufficient to compute the peak
fraction of NO species, although not long enough to reach fully
equilibrium state (orders of magnitude longer times would be neces-
sary for that, which would be prohibitively expensive for kinetic
simulations).
Homogeneous bath relaxation does not take into account the

thermal diffusion and gas bulk motion processes that impact gas at
each spatial location in shock reflection experiments. Because of this,
even though a zero-dimensional (0D) calculationmay include all key
collision phenomena that dominate air flows in the relevant temper-
ature regime, the quasi-one-dimensional (quasi-1D) nature of a shock
reflection in a shock tube does not allow one to use shock wave
experiments for model validation. Therefore, for comparison pur-
poses, we use here a numerical approach of Ref. [20], and apply it to
calculate the shock reflection such that the aftershock conditions
will approximate those of the experiment [14], as well as TC1. To
accurately reproduce the conditions of the experiment, the incident
shock wave velocity was set to 2.52 km∕s as recorded in the experi-
ment, and the pressure of undisturbed air was 0.07 Torr. Only the
DSMCmethod was used in this case, as it is the only solver adjusted
to conduct 1D reflected shock simulations, with gas models identical
to those used in 0D modeling, as discussed in the following section.
All this makes it possible to compare the experiment versus 1D
DSMC results, and the latter then can be compared to 0D.
The next test case, called TC2, is also 0D adiabatic heat bath

relaxation, but for significantly higher gas temperatures, with the
initial Ttrn � Trot � 15;000 K, and Tvib � 300 K. To have notice-
able impact of recombination reactions, which were practically
absent in TC1, and also reasonably fast equilibration time, the initial
gas pressure in TC2 is set at 20.4 atm (the corresponding number

density is 1025 molecules∕m3). Same as in TC1, the gas is a 79%
N2-21% O2 mixture. The gas relaxation is tracked for 4 μs, the time
that was found to be sufficient to reach thermal and chemical equi-
librium. The main difference of the high-temperature regime of TC2
from the moderate temperature TC1 is expected to be significantly
larger contribution of dissociation, both O2 and N2, followed by
recombination, as compared to exchange reactions dominating in
TC1. Note that the temperature of 15,000 K has not yet been reached
in reflected shockwave experiments so far, but it has been achieved in
high-enthalpy shock tunnel experiments, such as those of Ref. [3]. In
that work, a cylinder geometry was examined in High Enthalpy
Shock Tunnel Göttingen (HEG) shock tunnel; the inherent feature
of this geometry is that its blunt shape results in a strong shock wave
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where the gas temperature reaches normal-shock values, and the
aftershock relaxation along the stagnation streamlinemay be roughly
approximated by an adiabatic heat bath.
The flow setup considered in this work replicates the experimental

conditions of Run 619, given in Ref. [3]. The peak aftershock trans-
lational–rotational temperature for this test case, called TC3, was
found in the earlier work [21] to be about 15,000 K; thus aftershock
relaxation is expected to be relatively similar to TC2, with the
exception of recombination reactions, which in TC3 occur only near
the cold wall of the cylinder. In the experiment, the geometry was a
cylindrical model with a radius of 45 mm and a span of 380 mm. The
large aspect ratio minimizes three-dimensional (3D) effects, making
the flow quasi two-dimensional (2D) at the symmetry plane, and thus
a 2D configuration is modeled here. The test gas is air, and the
freestream flow properties were assessed to be fully equilibrium
[3], with a density of 1.547 g∕m3, a temperature of 901 K, and a
velocity of 5956 m∕s. The freestreammass fractions were calculated

as 6.5 × 10−5% N, 22.83%O, 75.431%N2, 0.713%O2, and 1.026%
NO. The conditions correspond to a Mach and a radius-based Knud-
sen numbers of 8.98 and 0.00117, respectively. The cylinder temper-
ature, set to 300 K, is assumed not to change significantly during the
experimental run. Note that in the experiments [3] the cylinder sur-
face was catalytic; therefore, to evaluate the effect of catalycity, the
present computations were conducted with and without gas–surface
reactions (the former assumed a fully catalytic surface).

III. Numerical Approaches and Physical Models

Five numerical solvers are used in this work, and in some solvers,
more than one gas collision model is applied to the test cases listed in
the previous section. A short description of each of these is shown in
Table 1, where a summary of different aspects of the collision model
is presented, along with the corresponding notation used for each
particular solver–model pair. The details of the solvers, approaches,
and models are given in the next section.

A. DSMCMethod

The DSMCmethod [40] is used as the fully kinetic approach. It is
applied here to model the spatially uniform adiabatic heat bath
relaxation cases, a 1D reflected shock wave, and 2D cylinder flow.
All DSMC simulations shown in this work are performed with the
SMILE [22] code. The variable hard sphere model [41] is applied
with interaction parameters listed in Table II of Ref. [21], calculated
from the viscosity–temperature data of Ref. [42]. The internal energy
modes are discrete, both rotational and vibrational. Morse anhar-
monic oscillator model is used to calculate the vibrational energy

levels of molecular species O2, N2, and NO, with the corresponding
number of levels 47, 59, and 49. Note that these numbers differ
slightly from those used in the other two vibrational state-specific
approaches due to small differences in the assumed anharmonicity of
the oscillator, but a separate sensitivity study conducted in DSMC
suggests such differences have little impact on results. The Larsen–
Borgnakke (LB) model [43] for discrete energy levels [44] is used to
compute the rotation–translation energy transfer. The excitation of
the electronic degrees of freedom is taken into account through
energy transfer between electronic and translational modes modeled
with the approach proposed in Ref. [45].
Different gas models are applied to compute internal energy trans-

fer between vibrational and translational modes, as well as chemical
reactions. In the first model, DSMC-M1, used as the baseline in our
previous work [7], the state-to-state (STS) 3D Forced Harmonic
Oscillator–Free Rotator (FHO-FR) [23] model is used for VTenergy
transfer inmolecule–molecule collisions, with theDSMC implemen-
tation discussed elsewhere [46]. The discrete LBmodel [47] is used to
simulate the VT energy exchange in molecule–atom collisions, with
temperature-dependent vibrational collision numbers based on QCT
calculations [48], along with a DSMC correction [49]. Vibration–
vibration (VV) energy transfer is modeled with the empirical near-
resonant approach [50]. The extended Bias model [51,52] is used for
dissociation and recombination [53] reactions, with parameters given
in Ref. [53]. The total collision energy (TCE) model [41] is used for
the exchange reactions. The only difference of model DSMC-M2
from DSMC-M1 is that VVexchange is turned off in the former.
In DSMC-M3, the VT energy transfer for molecule–molecule

collisions is performed with the LB method using the vibrational
collision numbers based on the semi-empirical Millikan–White cor-
relation [34] with Park’s high-temperature correction [54]; the VV
transfer was not taken into account. The TCE model [41] is used for
all reactions, with reaction rates at equilibrium reproducing those of
the Bias model [21]. The reaction rate constants used in this work are
summarized in Table 2 of [21]. Model DSMC-M4 differs from
DSMC-M3 only by the reaction rate constants: in DSMC-M4, those
are taken from Park’s recommendations [55]. In all four DSMC
models, the Gibbs free energy approach is used to set the reverse
reaction rate constants, with thermodynamic properties tabulated in
Ref. [56]. For gas–surface collisions, the Maxwell model with full
energy andmomentum accommodation is used. A fully catalytic wall
is modeled with the approach detailed in Ref. [21].

B. Master Equation Model

The ME model is a high-fidelity thermochemistry model that
combines the accuracy of the kinetic simulations and the efficiency

Table 1 Summary of models

Solver Approach VVT model Chemistry model
Chemical
rates

Detailed balance Notation

SMILE [22] DSMC

LB, 3D FHO-FR [23], VV Bias, TCE SMILE Gibbs DSMC-M1
LB, 3D FHO-FR [23] Bias, TCE SMILE Gibbs DSMC-M2

LB TCE SMILE Gibbs DSMC-M3
LB TCE Park Gibbs DSMC-M4

ME [24] ME State-resolved QCT [25–28] State-resolved QCT [25–28] QCT based
Partition function

based
ME

STS [29] Continuum
State-resolved FHO [30] with

corrections [31] for VT
exchanges

State-resolved based on
modified Marrone–Treanor
model fitted to QCT [32]

[32]
Partition function

based
STS

SU2-NEMO
[33]

Navier–
Stokes

2T Millikan–White–Park
[34,35]

Park [36], preferential [35,37] Gibbs
SU2-NEMO,

Gibbs-P

2T Park [36], nonpreferential [35,37] Gibbs
SU2-NEMO,
Gibbs-NP

LeMANS [38]
Navier–
Stokes

2T Millikan–White–Park
[34,35]

Park[36], preferential [35,37] Gibbs
SU2-NEMO,

Gibbs-P

2T Park [36], nonpreferential [35,37] Gibbs
LeMANS,
Gibbs-NP

2T Park [36], MMT [39],
preferential

[35,37,39] Gibbs
LeMANS,
MMT

3Kinetic and continuum modeling of high-temperature air relaxation



of the continuum approach. Kinetic data in the ME approach are
obtained via the QCTmethod. A system ofMEs, similar to that of the
STS model in the following section, allows for fast integration of
governing equations in time with variable time-stepping and error
control. Potential energy surfaces employed in the present work are
of the highest accuracy currently available in the open literature.
QCT trajectories are initialized with rotational states sampled

according to Boltzmann statistics. The initial vibrational state of
the target species is fixed for each trajectory batch and runs from
the ground to the final state before the dissociation limit. TheO2,N2,
and NO energy ladders contain 44, 60, and 48 vibrational states,
respectively. Collision energies between target species (O2, N2, or
NO) and projectile species (O, N,O2, orN2) range between 0.05 and
10 eV. QCT simulation of the O2-O system includes all nine poten-
tially energy surfaces (PES) that correlate with the O3 ground elec-
tronic state [26]. N2-N kinetic data are taken from the database by
Jaffe et al. [27] and interpolated on the present vibrational ladder.
O2-O2 andN2-N2 rate coefficients are obtained on the tripletO4 PES
[25] and singlet N4 PES [28]. The Zeldovich exchange mechanisms
are included as discussed in [57,58]. Collisions of NO with other
molecules (O2,N2, and NO) are neglected, as high-fidelity QCT data
are currently unavailable for these interactions. To avoid modeling
low-probability events, i.e., collisions between two molecules in
excited vibrational states, the initial vibrational state of molecular
projectiles is given by the ground and first vibrational states only.
Overall, the kinetic database comprises approximately 10 billion

trajectories across 10 translational–rotational temperatures between
2000 and 20,000 K. The database includes rate coefficients of
inelastic, exchange, swap-dissociation, double-swap, direct dissoci-
ation, and double dissociation channels [59]. The original rate coef-
ficients are resolved with respect to the initial and final vibrational
states of the molecular reactants and products; however, the database
is reduced to reflect specifics of energy exchange at hypersonic
temperatures. Under present conditions, VV energy transfer in pure
gases is of minor importance, and bound–bound transitions are
primarily governed by the VT energy exchange. For this reason,
VV energy transfer is neglected, and the bound–bound rate coeffi-
cients are reduced to the formKv→v 0 , where v and v 0 are the initial and
final vibrational states, respectively.
The system of MEs—describing the temporal evolution of the

number densities of vibrational states and atomic species—com-
prises a set of coupled ordinary differential equations (ODEs), which
are integrated from an initial thermal nonequilibrium state. A single
simulation of an adiabatic relaxation case takes 2 core-min.

C. State-to-State Approach

The STS approach is designed to describe fully coupled non-
equilibrium vibrational and chemical kinetics and transport proper-
ties of reacting gas mixtures in the frame of the continuum approach.
The mathematical model of the approach is based on the generalized
Chapman–Enskog method [60] and includes equations for the vibra-
tional level populations of molecules and the number densities of
atoms coupled to the fluid dynamic equations. Compared to the ME
approach, it uses simplified models for the reaction rate coefficients
but, in the general case, the STS approach can be applied to both
inviscid and viscous gas flow simulations because it includes the
constitutive relations for state-resolved transport terms and algo-
rithms for the STS transport coefficients evaluation [61,62]. In the
present study, it is applied for modeling spatially homogeneous
adiabatic heat bath relaxation, and therefore transport processes are
not taken into account. A detailed description of the STS model for
inviscid air mixture flows is given in [29].
The vibrational energy ladder is described by an anharmonic

oscillator and includes 68/47/53 states for N2∕O2∕NO molecules,
respectively. The electronic excitation of species is neglected, and
we assume that they remain in the ground electronic state. The
kinetic scheme includes state-resolved chemical reactions (dissocia-
tion and recombination reactions, chemical exchange reactionsN2 �
O ⇆ NO� N and O2 � N ⇆ NO� O), one-quantum VT energy
transfer, and VVenergy exchanges in the N2-N2, O2-O2, and N2-O2

interactions. The state-resolved rate coefficients of vibrational energy
exchanges are calculated using the FHOmodel [30] with corrections
of steric factors for VT transitions obtained in [31] by fitting vibra-
tional relaxation times to existing experimental and numerical data.
Rate coefficients of chemical reactions are calculated using the
Marrone–Treanor and Aliat models [63,64] generalized in [65,66]
in order to take into account temperature dependence of the model
parameters and the effect of vibrational excitation of the reaction
product. The latest set of parameters for state-resolved chemical
reactions in air is proposed in [32] on the basis of recent QCT data.
The detailed balance principle is used for calculation of the rate
coefficients of backward processes.
The resulting system of ODEswas integrated numerically using the

MATLAB package and its ode15s function (a variable-step, variable-
order [from 1 to 5] solver) designed for solution of stiff ODEs.

D. CFD Approaches: 2T Model

CFD approaches are also used to model the 0D adiabatic heat bath
relaxation and the hypersonic flow over a cylinder. The two codes
used are the open-source SU2-NEMO [33] (NonEquilibrium MOd-
els) code and LeMANS code [38,67]. Thermochemistry models are
implemented into SU2-NEMO via linking to the Mutation++ library
[68] (Multicomponent Thermodynamic and Transport Properties for
Ionized gases in C++), which provides algorithms for the computa-
tion of thermodynamic and chemical kinetic gas properties.
LeMANS was developed as a CFD code with a focus on thermo-
chemical nonequilibrium capabilities. The two codes are included
here to provide a comparison between different solvers with intricate
implementations that are expected to provide similar results. The 0D
test case is modeled by using a 5 × 5 two-dimensional grid with a
symmetry boundary condition applied to all boundaries for both
LeMANS and SU2-NEMO. The flow over a cylinder is modeled
by using a 200 × 200 two-dimensional grid with a symmetry boun-
dary condition applied to the stagnation line for LeMANS.Cellswere
clustered near the surfacewith a cell height of 0.1 μm near the surface
and a grid convergence study was completed. SU2-NEMO used a
different grid, with 200 cells along an half-cylinder surface and 340
elements from the body to the inflow boundary, from which the
nearest cell to the body presented an height of 0.8 nm. Similar to
LeMANS, a grid convergence study was conducted. The mesh used
for SU2-NEMO was also simulated using LeMANS, which resulted
in a less than 1% difference in convective heating along the surface
compared to the original mesh LeMANS used.
In terms of numerical approaches, SU2-NEMO uses a finite-

volume edge-based formulation with the AUSM scheme [69],
whereas LeMANS uses the finite-volume method with a modified
Steger–Warming Flux Vector Splitting scheme [70]. SU2-NEMO
uses a second-order backward-difference discretization to address
time evolution, whereas LeMANS uses an explicit first-order accu-
rate time integration for these cases.
The physical models used in each of the CFD codes are similar.

The two-temperature model by Park [36] is used, where the transla-
tional energymode is assumed to be at equilibriumwith the rotational
one, and the vibrational energy mode is assumed to be at equilibrium
with the electronic one. This assumes that the rotational and transla-
tional energy modes of all species can be described by a single
temperature Ttr because the rotational energy equilibrates with the
translational energy in just a few collisions. Furthermore, this
assumes that the vibrational and electronic energy modes of all
species and the electron translational energy mode can be described
by another single temperature Tve. The internal mode energies are
defined on the basis of the Rigid-Rotor/Harmonic Oscillator model
(RRHO). The change in the vibrational energy of the mixture is
accounted for as the sum of the VT energy transfer and energy
exchanges due to chemical activity. The rate of energy exchange
between the translational and vibrational energy modes follows the
Landau–Teller model [71] with the Millikan and White [34] coef-
ficients together with the Park correction [35] for the calculation of
relaxation times. The forward reaction rates are defined according to
the modified Arrhenius equation, with the controlling temperature

4 Kinetic and continuum modeling of high-temperature air relaxation



determined by Park’s two-temperature model [36]. The dissociation
reactions are controlled by a combination of the translational–
rotational and the vibrational–electron–electronic temperatures

(Tc � Ta
trT

b
ve) to account for the fact that vibrationally excited mol-

ecules aremore likely to dissociate. This work sets the values ofa and
b to 0.5. The forward reaction rates are calculated using theArrhenius
curve fits with the controlling temperature, where the reaction rate
coefficients are taken from [35,37]. The backward reaction rates are
obtained from the equilibrium constants, as detailed in Refs. [55,72].
The change in vibrational–electronic energy of the mixture due to the
production/destruction of species follows two different models: non-
preferential and preferential dissociation models [73]. The former
model assumes that molecules dissociate/recombine at the average
vibrational energy of the cell, at the given vibrational temperature,
whereas the latter accounts for the fact thatmolecules only dissociate/
recombine at higher vibrational levels.
In thiswork, a simple preferentialmodel is used,where the value of

energy added or removed is 30% of the dissociation energy. The
backward reaction rates are determined from the equilibrium con-
stants, which are calculated as a function of the Gibbs free energy
[73]. The primary difference in physical models between the two
codes is how each handles electronic energies. In both codes, the
species electronic energy eel;s is modeled by

eel;s �
8<
:
Ru

Ms

P∞
i�1gi;sθel;i;s exp�−θel;i;s∕Tve�P∞

i�1 gi;s exp�−θel;i;s∕Tve�
formoleculesandatoms;

0 forelectrons

(1)

where θel;i;s and gi;s are the characteristic electronic temperature and

the degeneracy of the ith energy level, respectively. This model is
used because it is accurate for the low electronic energy levels, and
the energy contribution of the higher levels, where the model loses
accuracy, is negligible [74]. The LeMANS code takes the necessary
data from Ref. [38], whereas SU2-NEMO, throughMutation++, and
uses the spectroscopic data from theGurvich tables [75,76].Mutation
++ uses a pragmatic approach for truncating the partition function by
matching the species data of Gurvich using electronic specific data
for vibration. In addition to Park’s two-temperaturemodel, LeMANS
also uses the Modified Marrone–Treanor (MMT) chemical kinetics
model, which is a recently constructed two-temperaturemodel devel-
oped from ab initio quantum chemistry data [39,77]. The MMT
model is based on the Marrone–Treanor preferential dissociation
model [78] with a modification to account for the effect of rotational
energy.

IV. Vibrational Energy Transfer Rates

A. Molecule–Atom Collisions

Nonequilibrium high-temperature air flow modeling to a large
extent depends on what thermal and chemical rates are imposed,
explicitly by direct input or implicitly through models and assump-
tions. The most straightforward approach for evaluating the impor-
tance of rates used in different models, and for assessing their
potential impact in simulations, is to compare them at thermal and
chemical equilibrium conditions in the temperature range of interest.
In the most general case, this should refer to all collision-related
processes that contribute to high-temperature air relaxation, starting
from transport properties, i.e., viscosity, diffusion, and thermal con-
duction, to energy transfer between translational, rotational, and
vibrational modes, to electronic excitation, and finally, to chemical
reactions. The latter refers to binary reactions of dissociation and
exchange, three-body collisional recombination, and various ioniza-
tion processes. However, many of these processes are of a lesser
importance,whereas someothers are fairlywell known, and thuswith
a large number of energy transfer and reactive channels of a five-
species air, one needs to limit the scope of such comparison to only
processes that are relevant for each particular case. The primary focus
of this work is the UVobservables O2 and NO. Therefore, here we
consider the key collision processes that are expected to affect the

flow, and impact the vibrational populations of these species. Note
that the vibrational excitation and dissociation of oxygen in collisions
with O andO2 were examined in detail in the previous work [7], and
only a short summary is givenhere. TheVTrelaxation for bothO2-O2

and O2-O collisions was found to be noticeably slower in the state-
specific approaches than in the fully continuum ones (the VT relax-
ation in the former is based onQCTand 3D-FHO results, whereas the
latter use the semi-empirical Millikan–White correlation with Park’s
correction). The single-temperature rate constants formolecular oxy-
gen dissociation, used in different approaches, are relatively close,
within approximately a factor of two for higher, and 50% for lower
temperatures. For N2-N2 collisions, the vibrational relaxation is
slower at higher temperatures for state-specific collisions, whereas
the dissociation rates differ significantly only at temperatures about
10,000 K.
Oxygen dissociation is a relatively fast process that typically

proceeds quickly in the hot region behind a high-Mach-number
shock wave. Newly created oxygen atoms then excite the vibrational
mode of nitrogen, thus significantly accelerating its dissociation. The
N2-O collisionsmay therefore be important and need to be accurately
modeled. The corresponding vibrational relaxation times for this
interaction, used in different numerical solvers, are presented in
Fig. 1a. Both NS codes apply the conventionalMillikan–White–Park

correlation with pτv ∝ T1∕3 dependence, and the coefficients in the
expression taken as recommended in Ref. [79]. SU2-NEMO and
LeMANS pτv is denoted “NS.” The relaxation time used in the
DSMC code is based on the experimental data of [80], with signifi-
cantly weaker temperature dependence, and slower relaxation at
higher temperatures. The ME approach is based on the recent QCT
calculations, and the resulting pτv�T� dependence is the strongest of
all solvers considered here. Interestingly, the relaxation time of ME-
and NS-based approaches is very close at T > 8000 K. The STS
solver uses the FHO-based relaxation rates, and its relaxation rate is
close to that of theNS solvers at low temperatures, butmuch slower at
high temperatures.
The above comparison shows that there are significant differences

in the vibrational relaxation rates used in the five numerical solvers
considered here. Clearly, the choice of the relaxation rate or, for state-
specificmethods, of the parameters of themodel that defines it should
depend on the available theoretical and experimental data specific to
that particular collision type. At this time, though, there are few
collisions where there would be a consensus among modelers on
what particular rate must be used. One example where this would be
the case is the vibrational relaxation in collisions of oxygen and
nitrogen molecules, where theMillikan–White correlation was tradi-
tionally considered very reliable for temperatures below 8000 K.
However, recent high-accuracymeasurements [12] indicate that even
that seemingly reliable correlation may have larger-than-expected
error bars, as the measured VT relaxation in O2 collisions was found
to be on average a factor of 2 slower than that ofMillikan–White. The
situation is even more complex for other collision types, where there
is little or no experimental data, and theoretical predictions, such as
QCTand quantum mechanics based, often differ by over an order of
magnitude. Therefore, it may be hard or impossible at this time to
evaluate the actual accuracy of relaxation or reaction rates for such
collisions, even when the difference is as significant as in Fig. 1a.
The uncertainty in the vibrational relaxation time for NO–O

collisions appears to be at least as big as forN2-O, which is illustrated
in Fig. 1b. The DSMC solver uses the expression of Ref. [48]
extended to NO–O collisions, where the relaxation time depends
weakly on temperature, and pτv somewhat increases with T. The
slope is very similar in theME approach, for which the relaxation rate
follows QCT calculations, although the magnitude is approximately
two times lower than that in DSMC. The STS relaxation rate is close
toME at moderate temperatures, but becomes significantly slower as
the temperature increases. Summarizing, qualitative differences in
N2-OVTrelaxation rates assumed or applied in different solversmay
be an indication that better theoretical and, ideally, accurate exper-
imental data may be necessary to provide some guidance on that
relaxation. This is especially relevant for higher temperatures, when
most oxygen molecules have already dissociated, reducing the
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impact of the VV energy transfer in O2-N2 collisions, and making
collisions between N2 and O the primary source of vibrational
excitation of N2.

B. Molecule–Molecule Collisions

In high-temperature relaxation of air behind strong shock waves,
the population of NO is usually relatively small, on the order of 5–
10%. Still, available data, even though limited [81], indicate thatNO–
NO collisions could be a noticeable factor in vibrational relaxation of
NO, especially at low to moderate temperatures, due to fast vibra-
tional relaxation times. Comparison of the vibrational relaxation
times for this collision, used in different solvers, is given in Fig. 2a.
The DSMC solver uses LB model for this interaction, with the
relaxation time approximating that of Ref. [81]. The temperature
dependence in this case is relatively weak. It is even weaker in STS,
where the FHO model is used with parameters that provide reason-
able fit to the existing data. BothNS solvers apply the sameMillikan–
White–Park correlation, with the result denoted as “NS.” The ME
solver does not take into account NO–NO collisions, and thus it is
not given here. Generally, similar to the earlier comparison, there is

large difference between the relaxation times, and new accurate
theoretical and/or experimental data would be necessary to resolve
that difference.
The collision type that has a large impact on the thermal and

chemical relaxation behind a strong shock wave in air is O2 � N2.
It is a major contributor to the vibrational excitation and subsequent
dissociation ofO2, and thus examined here (Fig. 2b). The NS solvers
use the conventional Millikan–White correlation, with somewhat
different coefficients in the Park’s high-temperature correction, so
that the relaxation time at higher temperatures is lower in LeMANS
than in SU2-NEMO. For the DSMC solver, two different models are
shown here. The first, used in the high-fidelity DSMC-M2 approach,
is 3D FHO, with Morse parameters chosen to realistically describe
[46] this interaction. The temperature dependence of the relaxation
time for this model is fairly close to that of SU2-NEMO. The second
model is based on the discrete LB method, but the traditional
Millikan–White expression in that case is replaced by the temperature
dependence recommended in the recent experimental study [12]. As
discussed in detail in Ref. [12], the measured vibrational temperature
dependence on time in the reflected shock wave in air suggests that
the relaxation ofO2 on nitrogenmay be significantly slower than that
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Fig. 2 Vibrational relaxation time for NO–NO (a) and O2�v� �N2 (b) collisions.
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Fig. 1 Vibrational relaxation time for N2-O (a) and NO–O (b) collisions.
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of Millikan–White–Park. This is clearly seen in Fig. 2, with the VT
relaxation approximately a factor of three slower for DSMC-M3 than
DSMC-M2. The LB algorithm prohibiting double relaxation, used in
this work, was shown earlier to accurately capture the prescribed
temperature dependence of the vibrational relaxation time at thermal
equilibrium, and thus DSMC-M3 matches that of Ref. [12]. Note,
however, that the oxygen vibrational temperature was evaluated [12]
from the populations of lower vibrational levels (less than 7), and
therefore the shown relaxation time may not accurately represent the
relaxation of higher vibrational levels, which are expected to make
disproportionately large contribution to the dissociation rate. In
addition to the energy transfer between vibrational and translational
energy modes, there is also VV transfer, which may significantly
impact the vibrational energy relaxation of oxygen. Experimental
studies [12] have shown that while the VVenergy transfer is impor-
tant at low temperatures, its impact decreases as the gas temperature
increases, and so it could not be detected above 6000 K. In this work,
only the DSMC-M1 model takes into consideration the VV energy
exchange, and its effect on the results of the computations will be
discussed below.

V. Equilibrium Reaction Rate Constants

A. Dissociation Reactions

Let us now compare the dissociation reaction rate constants used in
different solvers for the key reactions involving O2 and NO species.
For the N2 � O2 → N2 � O� O dissociation, Fig. 3a, there is a
reasonable, within a factor of two, agreement for temperatures above
6000K formost solvers. The exception here is STS, forwhich the rate
constant is several times faster. At lower temperatures, the difference
is somewhat larger, but the dissociation is expected to be of lesser
importance in that regime. This is because inside a hypersonic shock,
where the temperature is rising quickly, there is not enough time for
significant vibrational excitation and dissociation. And downstream
from the shock front, in the hot layer where the temperature gradually
decreases, there are often few oxygen molecules left and, moreover,
the flow is typically dominated by the exchange reactions.
The rate constant for the collisional dissociation of nitric oxide by

atomic oxygen, shown in Fig. 3b, indicates significantly larger
differences between the solvers, and mostly between the conven-
tional continuum and the state-specific. The rate constants for ME,
DSMC, and STS, based on various QCT and experimental data sets
(see the discussion in Ref. [21]), agree well, within approximately
40%, for all temperatures considered here. The continuum solver rate
constants are considerably larger. The difference is approximately a
factor of three for SU2-NEMO, which uses Ref. [79], and up to two
orders of magnitude in LeMANS, based on recommendations of

[55]. For the NO dissociation by N2 (not shown here because its

rates are over an order ofmagnitude lower than those ofNO� O, and
thus it is somewhat less of a factor), the rate constant in LeMANS is

on average 10 times higher than in the state-specific approaches,
whereas in SU2-NEMO, it is over 20 times higher. Generally, there

are large uncertainties in NOdissociation rates, and the discrepancies
between the numerical approaches reflect these uncertainties. New,

reliable data on these reaction rates are therefore highly desirable,
especially for collisions with O and N2. While the NO dissociation

rates are expected to be lower than those of the exchange reactions,
significant heat removal in these reactions may impact the overall gas

temperatures, as will be shown below.

B. Exchange Reactions

Exchange reactions are expected to be the primary source of NO at

most flow conditions examined in thiswork, and thus the correspond-
ing reaction rate constants are compared below. Only the two reac-

tions that produce NO are shown here. These should still be
indicative, because the equilibrium constants, which represent the

ratios of the forward and reverse reaction rate constants, are fairly
close in the considered solvers (see also the discussion and results in

Ref. [7]). For bothNS solvers used here, the results are presentedwith
the equilibrium constants obtained by theGibbs free energy approach

to calculating backward reactions. This approach was found to
produce results almost indistinguishable from those based on Park’s

polynomial expansions of thermodynamic properties [55]. The latter
ones are fairly close to theNASA recommendations [56], whichwere

assumed in DSMC. All these polynomial expansions used for
thermodynamic properties of real gases are taking into account the

excitation of the electronic degrees of freedom. In the baseline STS

solver, the electronic degrees of freedom are not included, and the
reverse rates constants for recombination reactions are obtained from

the detailed balance relationships. The model is therefore fully self-
consistent, but that also results in equilibrium constants that differ

from those obtained using standard thermodynamic databases.
Because of that, additional computations were also conducted based

on the thermodynamic properties of Ref. [56].
The reaction rate constants for the O� N2 → NO� N reaction

are given in Fig. 4a. LeMANS and SU2-NEMO codes both use the
results of the QCT calculations [82], and thus their rate constants,

labeled “NS,” are identical. TheDSMCsolver uses anArrhenius fit to
the experimental data [80]. In the ME, the QCT approach is used to

obtain the state-specific rates, based on the most recent potential
energy surfaces of Truhlar et al. [88]. In the STS solver, the rate

constants for the exchange reactions are defined as discussed in
Refs. [32,66]. There is good agreement between QCT-based rate
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constants, NS and ME. The DSMC rate constant is approximately a
factor of two higher than QCT, whereas STS is a factor of two lower.
For the N� O2 reaction, Fig. 4b, all rates are fairly close, with the
exception of STS, which is approximately a factor of two to three
lower. Good agreement between the exchange reaction rate constants
means that these reactions should not expected to be a significant
factor in any difference observed in flow results obtained by different
solvers (again, with the only exception of STS).

VI. Moderate-Temperature Regime

A. Reflected Shock Wave and Comparison with Measurements

Significant differences in vibrational relaxation times and dissoci-
ation reaction rates, especially those involving nitric oxide, that were
observed for state-specific and fully continuum solvers, are directly
related to large error bars and uncertainties associated with these
processes. To the best of our knowledge, there are no reliable exper-
imental data that would allow us to conclude which solver or solvers
better capture the actual rates. Ideally, one would need a comprehen-
sive database covering the range of temperatures of interest where the
macroscopic properties of air species are determined as a function of
time with high accuracy. In reality, though, to define reaction and
relaxation rates, modelers often have to rely on older experiments
where error bars are largely unknown, or more recent QCT datasets
where uncertainties such as those related to the complexity of multi-
ple-channel potential energy surfaces as well as large parameter
space, significantly complicate the analysis. Surface properties mea-
sured in high-enthalpy facilities are often being used as the sanity
check for the complete flowmodel, but even a good agreement cannot
guarantee the accuracy of each individual species-based collision or
reaction model.
The recent and ongoing shock tube experiments may offer the path

to closing the knowledge gap and provide the information necessary
to reduce the error bars in temperature-dependent reaction and relax-
ation rates. The measurements [5] of absorption in the Schumann–
Runge band inside incident shock waves provided the vibrational
temperature and time-dependent UVabsorption data, although at this
time, only in oxygen shock waves. Recent experiments conducted in
NASAEAST shock tube [83] offer unique spectrally resolved data in
190–1450 nm range in air for incident shock velocities of 7 km and
higher, although direct comparison and model validation could be
somewhat complicated. This is because the emission data make it
necessary to compute the properties of excited electronic species or
make additional assumptions on these species. A different approach
was used in the recent study [12,84] where the UVabsorption of O2

has beenmeasured inside reflected shockwaves in air. High-accuracy
analysis of nonequilibrium relaxation of molecular oxygen species at

temperatures up to 14,000 K provides an excellent opportunity for
model and rate validation.
It has to be noted, however, that a time-accurate one or 2D

approach, similar to that proposed in Ref. [20], is necessary to model

the time-dependent relaxation behind a reflected shock that captures
both the development of the boundary layer at the side wall and the

mass, momentum, and energy transfer in the direction of the propa-
gating shock wave. Such an approach is currently available only in
the DSMC solver, and the correct relaxation cannot be reproduced in

a standard 0D bath suitable for the other solvers used in this work.
This is illustrated in Fig. 5a, where the time relaxation of translational

and vibrational temperatures computed in DSMC is shown for a 0D
adiabatic heat bath and a 1D incident shock reflection recorded at a
distance of 5 mm from the end wall, similar to the experiments [12].

Here, the 1D time axis was translated such that the translational–
vibrational equilibrium is reached at approximately the same time in

0D and 1D. In 1D, the velocity of the incident shock wave, propa-
gating in a 32-Torr room-temperature air, was set at 2.52 km∕s to
reproduce one of the experimental conditions [12]. In this case, the

translational–rotational temperature and pressure of the gas immedi-
ately after the reflected shock was calculated in Ref. [12] as 7230 K

and 32 Torr, respectively, under the assumption of no vibrational
excitation and dissociation at that point. This condition was therefore
assumed in the 0D calculation.
There are several conclusions that may be drawn from Fig. 5a.

First, the relaxation before the peak vibrational temperature is much

slower in 0D, obviously due to the neglected effects of nonzero bulk
velocity in the reflected shock, and energy transfer from the hotter

downstream region in the presence of sharp spatially varying thermal
gradients. The values of the maximum vibrational temperature are
nearly the same in 0D and 1D, both for oxygen and nitrogen. Finally,

the after-peak relaxation proceeds similarly in 0D and 1D, likely
because the bulk velocity becomes close to zero, and thermal gra-

dients are lower than at earlier time moments. Most of chemical
reactions occur when there is significant excitation of the internal
degrees of freedom of molecules. This explains fairly similar slopes

of atomic oxygen and nitric oxide mole fractions in 0D as compared
to 1D, as shown in Fig. 5b, even though the 1D profiles lag behind

those in 0D.
Let us now compare the computed and experimental vibrational

temperatures of O2. This comparison is presented in Fig. 6a, where
three different DSMC models are given. Note that the O2 vibrational

temperature for DSMC-M4 is close to DSMC-M3, and thus not
shown here. The DSMC-M1 model does not have a pronounced
peak, which is due to the large effect of the VV energy transfer

between the O2 and N2 molecules in that model. It was found in
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Fig. 4 Exchange reaction rate constants for O�N2 (a) and N�O2 (b) collisions.
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Ref. [12] that the actual impact of VV transfer is small at these

conditions, and the temperature dependence of the VV relaxation

number used in the DSMC-M1 model likely requires reconsidera-

tion. The temperature obtainedwith theDSMC-M2model, where the

VVenergy transfer was turned off, is closer to the experimental result

than the two others. The maximum is overpredicted in DSMC-M2,

but still within the experimental error bars (and that difference could

also be offset partially if VV transfer were included in DSMC-M2

with relaxation times slower than in DSMC-M1). The most signifi-

cant difference between the experiment and DSMC-M2 comes after

the peak, where the measured decrease in the vibrational temperature

is much faster than the computed one. The reasons for this difference

are not known to the authors at this time, but most likely are related to

oxygen dissociation or exchange reaction rates. Interestingly, the

initial relaxation in the DSMC-M3 model, which is based on the

vibrational relaxation times recommended in Ref. [12], is visibly

slower than in the experiment; it is not currently clear why there is

such a difference.

Our earlier comparison [85] of Tvib�O2� with measurements [5]

has demonstrated that it is beneficial to compare not only vibrational

temperatures, but also absorbance traces. This has also been done in

this work, with the measured versus computed absorbance versus

time dependence shown in Fig. 6b. The NEQAIR code [86] was used
in these computations, with input flow properties taken from the

corresponding 1D reflected-shockDSMC runs. The comparisonwith
Ref. [12] is conducted for a wavelength of 236.9 nm. Comparison of
the measured profile with DSMC-M2 shows that they are very close

up to the peak; after that, the measured absorbance decreases much
more rapidly than computed, similarly to what was observed for the
vibrational temperature. DSMC-M1 and DSMC-M3 differ notice-

ably from the experiment during the initial relaxation, at the peak, and
in the after-peak relaxation.

B. 7230 K Adiabatic Heat Bath

Now examine the adiabatic relaxation in a 0D heat bath under the
initial conditions considered in the previous section, with results
obtained by the five computational solvers used in this work. Note

first that the continuum solvers LeMANS and SU2-NEMO tradition-
ally assume a single vibrational temperature, even though that tem-
perature is being affected through separate vibrational paths of

molecular species. Therefore, only ME, DSMC, and STS results
may be compared to the reflected shock measurements, although
indirectly due to the lack of spatial effects in 0D. Hereafter, the

notation “DSMC” is used for the DSMC-M2 model. The vibrational
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temperatures of O2 are shown in Fig. 7a. The figure shows that the
vibrational relaxation of O2 is fairly close in the DSMC and ME
methods. The reason for this is that the vibrational relaxation in this
case proceeds at a translational temperature of about 7000 K. As
illustrated in Fig. 2b, theME and DSMC vibrational relaxation times
at this temperature are very close for the O2-N2 collisions, which is
the primary collision forO2 vibrational relaxation in this temperature
regime. The Tvib�O2� relaxation for STS is approximately two times
slower than in DSMC, which is also consistent with the vibrational
relaxation times plotted in Fig. 2b. The peak Tvib�O2� in STS is over
1000 K lower than in DSMC and ME, which is attributed to fast O2

dissociation as will be shown below. The experimentally deduced
[12] peak vibrational temperature of 5000 K lies approximately
between those of ME and DSMC, and STS. DSMC (and thus ME)
is likely more accurately predicting the location of the peak (cf. to
Fig. 6a). After-peak relaxation is similar in the three approaches,
which implies that all three would underpredict the measured fast
decrease of the vibrational temperature after the peak.
The nitrogen vibrational temperatures computed by the three

solvers, also shown in Fig. 7a, are much closer than those of oxygen.
The explanation for this is that the primary mechanism of the exci-
tation of nitrogen vibrational modes under these conditions is the VT
energy transfer in N2-N2 collisions, and these three approaches have
vibrational collision times that are close to each other—and to the
Millikan–White expression, for temperatures in the 5000–8000 K
temperature range. Note that after approximately 10 μs relaxation
time, STS gas temperature is somewhat lower than in DSMC. This is
related to the delayed oxygen dissociation in DSMC as a result of
strong vibrational favoring assumed in the Bias dissociation model
for this species, chosen to better match the most recent QCT results
(see the relevant discussion in Ref. [21]). In the absence of exper-
imental confirmation, it is not clear which solver provides better
accuracy in that regard.
To compare the vibrational temperatures in the state-specific and

conventional continuum approaches, the overall Tvib were calculated
in ME, DSMC, and STS, with O2, N2, and NO species temperatures
included according to their mole fractions. The result is illustrated in
Fig. 7b. Hereafter, “Gibbs P” stands for preferential model of dis-
sociation with Gibbs approach used to calculate the equilibrium
constants. Note that while only LeMANS results are shown in
this and the following figure, the corresponding SU2-NEMOprofiles
are nearly identical to LeMANS. The vibrational temperatures for
the continuum approaches are very close until approximately 30 μs,
when the vibrational temperature for the Gibbs model reaches the
translational–rotational temperature. This is because the vibra-
tional relaxation at the earlier stage is driven by collisions between
nitrogen and oxygenmolecules, and the correspondingVTrelaxation

times are all based on the same Millikan–White correlation. The
translational–rotational temperature T for the MMT model is the
slowest to relax as compared to the other models and approaches.
Initially,T forMMTis close to that ofDSMC, but start to deviate after
about 40 μs. The difference in the relaxation times between MMT
and other models becomes quite significant, reaching up to an order
of magnitude after 1 ms. Here again, even though the MMTmodel is
based on the most recent QCT results, it is not clear which of the
models better reproduces the actual flow due to multiple factors that
influence the gas temperature.
As expected, taking into account vibrational favoring in dissoci-

ation reactions results in significant delay of dissociation. This effect
is clearly visible when comparing the atomic oxygen mole fraction
for the preferential Gibbs model with the MMT model, shown in
Fig. 8a.While theO2 dissociation reaction rate constant for the Gibbs
model is only a factor of two to three faster than MMT for this range
of temperatures (see Fig. 3a), there is approximately an order-of-
magnitude delay in the rise of the atomic oxygen mole fraction for
MMT. The fastest oxygen dissociation rate is observed in STS and
ME solvers, and their oxygen mole fraction profiles are fairly close.
There are several factors in play that explain this. STS applies the
fastestO2 dissociation rate onN2 of all solvers and models used here
(see Fig. 3). The initial rise of the oxygen mole fraction is slower in
ME due to a somewhat stronger vibrational favoring, but then there is
sharp increase in X[O] due to very fast increase in vibrational temper-
ature ofO2 (see Fig. 7), and thus fastO2 � O2 dissociation [7]. X[O]
for DSMC is approximately between STS and MMT profiles. The
nitric oxide mole fractions are also shown in Fig. 8a. As will be
discussed in detail below, NO is mostly formed and destroyed in the
exchange reactions, and because there is now vibrational favoring
assumed in these reactions and the DSMC and ME reaction rates
(Fig. 4) are close, the corresponding NO mole fraction profiles are
also close. NO formation inMMT is significantly delayed because of
the lower oxygen dissociation rate, which delays the formation of O
that participate inO� N2 exchange reaction. The formation ofNO in
STS is also delayed, but this is primarily related to the lower NO
formation rates assumed in this solver (Fig. 4).
Direct comparison of instantaneous reaction rates applied in differ-

ent solvers is given in Fig. 8b for the key dissociation reaction. Note
that up to approximately 100 μs the relaxation proceeds under sig-
nificant VT nonequilibrium; after that time, the temperatures mostly
equilibrate, although there is still some degree of nonequilibrium
present in the population of high vibrational levels of oxygen for
state-specific approaches that use vibrationally favored dissociation
models. Compare first the time dependence of the oxygen dissocia-
tion rates for DSMC and STS. One can see that there is qualitative
difference between the two: the STS rate decreases monotonically
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with time, whereas in DSMC, there is a pronounced peak at 10 μs.
The main reason for such a difference is the degree of vibrational
favoring assumed in these approaches. In DSMC, it is much higher
than in STS, so that the probability of dissociating molecules that
reside at low vibrational levels is much smaller. This is especially
significant when there is strong vibrational and VT nonequilibrium.
For example, in a 15,000 K translation–rotation bath with a low
vibrational temperature of 1000 K, only 0.02% of reactions come
from the ground level in DSMC, whereas in STS, it is almost 90%.
Therefore, under conditionswhen there is little vibrational excitation,
there are very few dissociation reaction in DSMC. Moreover, even
those few reactions primarily depopulate higher vibrational levels,
further depressing the dissociation rate. The result is the gradual
decrease of this ratewith time, observed in DSMC.Yet another factor
is the dependence of reaction probability in DSMC on the vibrational
energy of not only the dissociating molecule, but also its collision
partner: reaction probability increases with vibrational level of N2;
this dependence is assumed to be negligible in STS.
There is also considerable degree of vibrational favoring present in

the QCT-based ME approach, and its initial increase in the reaction
rate is more pronounced than in DSMC, although the decrease after
the peak is nearly the same. The dependence of the dissociation rate
on the vibrational energy is even more significant in LeMANS that
uses the Park vibrationally favored dissociation model with prefer-
ential dissociation and Gibbs approach to finding equilibrium con-
stants (“Gibbs-P”). In this case, there are almost no reactions at the
initial time, but the rate increases many orders of magnitude as the
vibrational temperature increases from 300 K to its peak (shown in
Fig. 7b). TheMMTmodel has more complex time dependence of the
dissociation rate. Over the first few microseconds, there is a weak
decrease in the rate, associated with the decrease of gas (transla-
tional–rotational) temperature. The increase is weak even though the
gas temperature decreases from over 7230 K to less than 6000 K
because of the vibrational temperature, which goes up from its initial
300 K to over 2000 K at 3 μs. At longer times, the vibration–
dissociation coupling results in the increase of the reaction rate,
which reaches its peak at about 80 μs, which coincides with the
location of the Tvib maximum. After that, the rates decrease with T
and Tvib. To summarize the instantaneous rate comparison, even for
the arguably most important reaction at that temperature regime,
there are still large differences, both qualitative and quantitative,
between the results obtained. To resolve such differences, experi-
mental studies would be necessary that target specifically oxygen
depletion at the early stages of the relaxation.
O� N2 exchange reaction is the primary mechanism that impacts

the NO formation during the initial stage of the relaxation, and the
difference in the instantaneous reaction rates in this case (not shown

here) is qualitatively similar to that observed for the NO mole
fractions. The ME and DSMC rates are fairly close, whereas STS
is significantly lower, with the exception of the first microsecond,
where the high exchange reaction rate in STS is due to larger mole
fraction of O produced after O2 dissociation.
To better understand the complex nature of chemically reacting,

nonequilibrium air relaxation, and the impact of different reaction
mechanisms, it is useful to compare the relative contribution of these
mechanisms to the depletion or formation of atomic and molecular
species, and also to the gas temperature decrease over time. Such
contributions are considered here for the twonumerical solverswhere
results differ significantly, DSMC and STS, and two primary UV
observables,molecular speciesO2 andNO.The rates of reactions that
directly impact the density ofmolecular oxygen in theDSMCmethod
are plotted in Fig. 9a. Minor contributors that change the overall rate
by less than 1% are not shown. The reaction contributions that
decrease and increase the density of O2 have negative and positive
values on the Y axis, respectively. The dissociation and recombina-
tion reactions are combined here, although the recombination effect
is almost negligible; the exchange reactions are plotted separately.
Over the first 10 μs, the dissociation reactions dominate, with the
largest factor being the dissociation on N2 molecules. Increase in
dissociation rates results in decreasing gas temperature, which then
decreases those rates (approximately 30 μs). At that time, exchange
reactions start playing a bigger role, especially that with atomic
nitrogen. As more nitric oxide is produced, the contribution from
the reverse exchange reactionO� NO also becomes significant and,
later, comparable to the forward reaction. The exchange reactions
predictably control the population of nitric oxide, as shown in Fig. 9b.
The NO dissociation–recombination effect is negligible and thus not
shown. Interestingly, even though theNmole fraction is very small, it
is still sufficient for the two NO producing reactions to have nearly
equal contribution for most of the relaxation time. Their contribution
increases in the first 100 μs, and then decreases with gas temperature.
The instantaneous reaction rates from different paths that have

noticeable effect on the molecular oxygen density in the STS
approach are shown in Fig. 10a. In this case, the dissociation on N2

totally dominates (note that the Y axis was split to better illustrate the
contribution from other reactions). O2 � N2 dissociation rate
decreases monotonically with time, but only after 100 μs it becomes
comparable to the other rates. At later times, the contribution from the
nitric-oxide-forming exchange reaction becomes larger, but the effect
of dissociation is still significant, especially if the reverse exchange
reaction is accounted for. Clearly this is qualitatively different from
DSMC, where the overall contribution of dissociation and exchange
was comparable. For the NO density, similar to DSMC, the exchange
reactions are the main factor, and the effect of dissociation is
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negligible (Fig. 10b). Note that the profiles for the NO formation

reactions have two peaks. Such a nonmonotonic change in the for-

ward reaction rates is likely a combined effect of the decreasing

temperature, and thus forward reaction rates, due to dissociation,

and the sharp increase in the number of atoms due to this dissociation,

which increase the number of exchange reactions. The reaction rate

for O� N2 increases earlier than in DSMC due to fast oxygen

dissociation discussed earlier. At the end of the simulations, there

are many moreN� O2 reactions thanO� N2, even though both are

equilibrated by the reverse reactions. It is opposite in DSMC, and the

difference is attributed to equilibrium constants that do and do not

include the electronic excitation in DSMC and STS, respectively.

The exchange reactions were found to have little combined

effect on the decrease in gas temperature over time in STS. This

is illustrated in Fig. 11a, where all noticeable contributors are

given. The contribution of the O� N2 exchange reaction versus

time never exceeds 25%, whereas the N� O2 reaction contribu-

tion is negligible and thus not shown. Almost all of the remaining

temperature change comes from N2 � O2 oxygen dissociation,

which dominates throughout the relaxation. This was found not

to be the case in DSMC, presented in Fig. 11b. While the N2 � O2

reaction is the most important for the first 40 μs, the O� N2

exchange reaction contributes more at longer times. Same forO�
O2 dissociation, which starts to contribute after 1 μs, and its

relative contribution increases significantly with time. Note that

all dissociation reactions have well-defined peaks in their relative

contributions. For the dissociation on O, this is primarily related to

the gradual increase in the atomic oxygen mole fraction, resulting

in more reactions, and decrease in temperature, which decreases

the reaction rates. For dissociation on O2 and N2 molecules, the
initially low numbers of reactions are related to strong vibrational

favoring assumed in DSMC. Initially low vibrational excitation of

molecules significantly reduces the number of reactions as com-

pared to a thermally equilibrium bath at this temperature; succes-

sive vibrational excitation strongly increases the number of

reactions. Note that the peak in the rate of temperature change

due to N2 � O2 oxygen dissociation reaches approximately 10−7

in DSMC, thus over six times weaker then what is initially
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observed in STS. The resulting temperature change is similar,
though, because the temperature in DSMC decreases over a longer
time due to the exchange reactions.

VII. High-Temperature Regime

A. 15,000 K Adiabatic Heat Bath

The temperature conditions considered in the previous section
correspond to the highest incident shock velocity of experiments
[12] where the thermal relaxation results were published. The
ongoing enhancements in the instrumentation, although challenging,
carry the promise of reaching significantly higher velocities, and thus
temperatures in the reflected shock, possibly as high as has been
achievedmost recently inRef. [84],where the temperatures as high as
14,000 K were observed in oxygen–argon shocks. Reaching such
temperatures will essentially create thermally and chemically
relaxing flows under conditions similar to those behind hypersonic
shocks in high-enthalpy shock tunnels such as HEG, Hypervelocity
Expansion Tube (HET), and T6, thus bridging shock wave and shock
tunnel conditions. Flows at such high temperatures are characterized
by nearly complete dissociation of oxygen, and noticeable dissocia-
tion of nitrogen. Direct comparison of the numerical solvers applied

to nitrogen dissociation in a high-temperature adiabatic bath con-
ducted in our previouswork [7] has shown that the results obtained by
different approaches, in particular gas temperature and nitrogen atom
mole fraction, are reasonably close, and therefore the main focus of
this work is the NO species, as well as oxygen. In this section, we
consider at the initial translational–rotational temperature of
15,000 K and vibrational temperature of 300 K, with the initial gas
number density of 1025 m−3. Such a relatively large density was

chosen to have observable effect of recombination, so that the steady
state can be reached in all calculations.
High temperatures and fast reactions amplify differences not only

between computational solvers, but also between flowmodels used in
each solver. To illustrate this, themodel effect is shown in this section
for the fully kinetic and continuum approaches. The overall transla-
tional temperature and the oxygen vibrational temperature computed
with the four models used in this work in the DSMC method (see
Sec. III.A) are presented in Fig. 12a. Several conclusions may be
drawn from this comparison. The first is the VV model specific: the

peak oxygen vibrational temperature in DSMC-M1, which includes
VV, is somewhat lower than in no-VV DSMC-M2. The lower maxi-
mum value ofO2 vibrational temperature is due to the energy transfer
from oxygen to nitrogen vibrational modes during the VV transfer.
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Thismay be an additional indication that the temperature dependence
of the VV relaxation number may need to be reconsidered, because
experimental studies [12] provided an indication of significantly
diminished impact of VVat temperatures higher than 6000 K. Note
that even for a fast VV relaxation of DSMC-M1, there is little impact
on the translational temperature, because this energy transfer is near-
resonant and thus confined to the vibrational modes of O2 and N2.
There is also little impact of VVon dissociation, which implies that
the populations of higher vibrational levels are driven at this temper-
atures mostly by the VT transfer. The vibrational favoring of disso-
ciation in DSMC-M2 results in significant delay of chemical
relaxation, as compared to the TCE dependence of the reaction cross
sections in DSMC-M3. This is clearly manifested in the translational
temperature profiles, where the initial decrease is driven by the heat
removal after dissociation. For example, in model DSMC-M3, it
takes only 3 ns for the translational temperature to decrease from
its initial 15,000 to 12,000 K, whereas in model DSMC-M2, this
relaxation takes nearly 8 ns. Finally, thermal relaxation for the QCT-
based reaction rate set of DSMC-M3 is similar to Park-basedDSMC-
M4 initially, but then significantly, by nearly an order of magnitude,
deviates from it as the gas temperature decreases below 10,000 K.
The primary reason for such deviation is slower dissociation of
molecular oxygen in DSMC-M3, as illustrated by comparing atomic
oxygen mole fractions in Fig. 12b. As noted earlier, the dissociation
of vibrationally favored models is delayed by a relatively slow vibra-
tional excitation ofO2. Comparing the mole fractions of nitric oxide,
one can see that the impact of VVon the peak X[NO] is negligible
(compare DSMC-M1 and DSMC-M2), whereas the faster reactions
in DSMC-M3 are decreasing the gas temperature, and thus peak X
[NO], due to lower rates of NO-producing exchange reactions. Most
significantly, the NO population is much lower when Park reaction
rate constants are used. This, as will be discussed in more details
below, is a combined effects of lower gas temperature due to faster
dissociation of oxygen, significantly higher NO dissociation rates,
and slightly lower NO producing exchange reaction rates.
Consider now the model effect in the NS solver LeMANS. Com-

parison of the translational–rotational and vibrational temperature for
this case is shown in Fig. 13a. Here, two approaches to the calculation
of the reverse reactions rate constants are used, Gibbs and Park’s, as
discussed in Sec. III.D. For each approach, both preferential and
nonpreferential dissociation (more specifically, vibrational energy
removal) models are applied, denoted as “P” and “NP,” respectively.
The reverse reaction rates model has little impact on gas temper-
atures, essentially making results indistinguishable at this scale;
therefore, only one of them (Gibbs) is shown. The difference bet-
ween the models, although not as large as in DSMC, is still quite

significant. The preferential vibrational energy removal after disso-
ciation results, as expected, in lower vibrational energy for Gibbs-P,
with the difference increasing over time and reaching a maximum of
about 1500K near the peak Tvib. LowerTvib for Gibbs-P corresponds
to visibly higher translational temperature. Note also that Tvib

becomes noticeably higher thanT in Gibbs-NP. There are two factors
in play that cause this effect. First, in the nonpreferential dissociation
model, it is assumed that molecules are destroyed or created at the
averagevibrational energyof the cell. The high energyof dissociation
Ed removed after each dissociative collision implies that this energy,
which is significantly higher than the average energy of molecules in
the flow, is primarily removed from translational and rotational
energy modes. The second factor causing Tvib > T is a relatively
slow relaxation of vibrational energy, primarily due to high τv ofN2.
This Tvib > T effect is absent for the Gibbs-P model, where the
vibrational energy removed after dissociation is assumed to be
0.3Ed, and thus much higher than in Gibbs-NP. The temperatures
for the MMT model are initially close to those of the traditional
models. However, after a few nanoseconds, the translational and then
vibrational temperature become higher. This is related to the disso-
ciation model inMMT, in particular, oxygen dissociation onN2. The
much slower oxygen dissociation in MMT is illustrated in Fig. 13b,
where the atomic oxygen and nitric oxide mole fractions are given. X
[NO] reaches its equilibrium value approximately four times faster in
Gibbs-NP than in MMT. X[NO] are fairly close in all three models,
mostly because both preferential energy removal and MMT reaction
rates are only applied to dissociation, whereas X[NO] mostly
depends on the exchange reaction rates. Therefore, the model impact
on NO species propagates only through gas temperature.
In the solver-to-solver comparison given below, we use MMTand

DSMC-M2 models of LeMANS and SMILE, respectively, as those
are believed to be the most accurate in this case. The translational–
rotational Ttrn and vibrational Tvib temperatures computed with all
five computational tools are presented in Fig. 14. For the sake of
consistency, STS calculation shown here was conducted with the
equilibrium constants that include the electronic degrees of freedom,
so that the thermochemically equilibrium state is the same for all
approaches. The SU2-NEMO temperatures, shown here for the
preferential dissociation model, were found to be very close to those
of LeMANS (not shown, compare also to Fig. 13a). The initial
relaxation of the vibrational temperature was found to be faster in
both continuum solvers than in all three state-specific approaches.
The main reason for this is fast VT relaxation assumed in LeMANS
and SU2-NEMO for O2-O2 and N2-N2 collisions. ME approach
has approximately two times higher vibrational relaxation times for
these interactions at 15,000 K, but the fast VT relaxation in N2-O2
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Fig. 13 TC2: impact of Navier–Stokes (LeMANS) reaction model on temperatures (a) and mole fractions (b).
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collisions (see Fig. 2b) results in Tvib for ME being close to NS. The
slowest relaxation of Tvib is observed for STS, but Ttrn decreases
quickly for this solver due to fast dissociation. The dissociation is
slower in MMT, and especially for DSMC, where strong vibrational
favoring is assumed for both oxygen and nitrogen dissociation. Note
also very significant differences inmaximum Tvib, where the highest,
MMT, is over 2000 K larger than the lowest, STS. Finally, there are
very significant differences in the time to reach steady state, which is
over an order of magnitude faster in the NS solvers than in the state-
specific solvers. Thismay be partially attributed to the relatively slow
relaxation of populations of high vibrational levels ofmolecules, both
nitrogen and oxygen, which delay the dissociation and thus increases
time needed to reach steady state. Interestingly, this effect has not
been observed for the lower temperature bath case considered in the
previous section, although that casewas dominated, at least in the last
stage of the relaxation, by the exchange reactions that do not have
particularly strong dependence on vibrational populations.
That the agreement between solvers worsens with temperature

becomes clear when comparing not only temperatures, but also
oxygen and nitric oxide mole fractions, shown in Fig. 14b. There is
a qualitative difference between the atomic oxygen mole fractions
computed with the fully continuum and state-specific approaches. In
the continuum approaches, the mole fraction increases monotonically

from zero to its steady-state value. MMT curve lags behind that of
SU2-NEMO, similar to what was observed in Fig. 13b, with that
difference being only slightly smaller due to some small differences
in the dissociation reaction rate constants. In the state-specific solv-
ers, there is a noticeable change in the slope of X[O], which is less
pronounced in DSMC, but becomes almost a plateau in STS. This,
again, is due to the vibration–dissociation coupling, especially that of
oxygen: the dissociation reactions deplete primarily higher vibra-
tional levels of molecules, and it takes time to populate them after
VVT energy transfer and recombination reactions. There are also
some significant differences in the NOmole fractions computed with
different solvers. The maximum X[NO] values are much higher in
ME and DSMC than in the other solvers, which is attributed, as will
be discussed below, to slow exchange reactions in STS, and very high
NO dissociation reaction rates in NS.
As discussed earlier, our primary focus is on species O2 and NO,

both of which may be directly tracked in a shock wave experiment.
Similar to the moderate-temperature-bath case considered in the
previous section, here we examine the key reaction mechanisms that
impact the time dependence of the mole fractions of these species.
The contribution of different reactions to the production and the
destruction of O2 and NO computed with DSMC is presented in
Fig. 15. The forward and reverse reactions are combined, and the
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Fig. 15 TC2: contribution of different reaction rates to O2 (a) and NO (b) density change (DSMC-M2).
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processes that result in the decrease and increase of the corresponding
mole fractions are plotted in the negative and positive regions of theY
axis. The reactions that at each time moment contribute less than 1%
to the total change in the mole fractions are not shown here. Compar-
ing the relative contributions of the dissociation reactions to the lower
temperature case shown in Fig. 9, one can see that those are generally
similar, with a somewhat larger impact of theO2 � O dissociation for
the 15,000K case, whichmay be expected due to significantly higher
fraction ofO. There is amaximum in the dissociation rate observed as
a result of the effect of the increasing vibrational temperature due to
VT energy transfer, and decreasing total gas temperature. Interest-
ingly, the contribution of the exchange reaction becomes much more
significant than dissociation in the 15,000 K case, which is attributed
to the noticeable presence of the atomic nitrogen in the flow. Com-
paring the impact of the two exchange mechanisms on the NO mole
fraction, notice that the O� N2 process is more important until
approximately 30 ns, after which time N� O2 has a slightly larger
influence on X[NO] (compare this to the lower temperature case,
when the contribution from O� N2 was always larger). The disso-
ciation reactionNO+M,whereM is any of the five air species, plays a
minor role.
For the STS approach, again there is a dominance of the O2 � N2

dissociation reaction (although to a somewhat lesser extent than for
the lower temperature case), as illustrated in Fig. 16. Similar to the
7230 K case, there is not maximum in the N2 � O2 rate, which
indicates that even at that temperature the vibration–dissociation
coupling is not strong enough for the dependence on the vibrational
temperature to be visible. Due to the relatively low rate constant
assumed for theN� O2 exchange reaction (see Fig. 4), its impact on
X�O2� is very small for the 15,000 K case. For the NO species, only
the O� N2 reaction plays a major role, whereas the contribution of
the other exchange reaction, as well as dissociation–recombination
process, is less than 10% even at their peak. Compare this to DSMC,
where both exchange reactionswere found important. Also notice the
difference in the location of the peakNO production rate: in DSMC it
is close to the peak X[NO], whereas in STS it is observed signifi-
cantly earlier than the peak X[NO]. The lower reaction rates in STS
for both exchange reactions as compared to DSMC are responsible
for the almost a factor of three difference in the maximum X[NO]
obtained in these approaches (see Fig. 14a).
Generally, time-dependent profiles of the dissociation rates are

goodmetrics of the degree of vibrational favoring used in a particular
reaction model. Very strong vibrational favoring in DSMC results in
very few reactions at the early stages of the relaxation, whereas for a
weaker favoring of STS, the dissociation rate decreases with temper-
ature. LeMANS-MMTmodel is an intermediate case, as illustrated in

Fig. 17a. For the N2 � O2 oxygen dissociation, the favoring is
relatively weak, so that the maximum reaction rate is observed at
the beginning of the relaxation. Decreasing gas temperature (trans-
lational–rotational) results in decreasing reaction rate afterward.
Then, after a few nanoseconds, sharply increased vibrational temper-
ature (see Fig. 14a) reverses that trend, and there is a local peak
formed in the reaction rate that roughly corresponds to the peak
vibrational temperature. After that, the decrease in all gas temper-
atures sharply reduces the number of reactions. Similar pattern is
observed for the O2 � O2 reaction, for which the dissociation rate is
on average a factor of four lower. Also, the stronger vibrational
favoring for this reaction leads to a larger peak in the rate. According
to the LeMANS-MMT results, the impact of exchange reactions on
X�O2�, although noticeable, is still significantly smaller than that from
dissociation. Considering the impact of the exchange reactions on the
nitric oxide mole fraction, shown in Fig. 17b, notice that the maxi-
mum reaction rate is reached earlier forO� N2 thanN� O2. This is
due to faster dissociation of oxygen, and thus rapid increase in the
number of oxygen atoms in the first 10 ns. This effect, although less
pronounced, is also present in DSMC and STS. The N� O2

exchange reaction is somewhat more important that O� N2.
Consider now the impact of reaction channels on gas temperature

for different solvers, shown in Fig. 18. According toDSMC, the three
most important reactions are oxygen dissociation on N2, which
dominates the early relaxation stage, followed by the exchange
reaction O� N2 and O� O2 dissociation, whose relative impor-
tance increases over time. Note also that the exchange reaction
proceeds initially mostly in the forward (O2 destroying), and then,
after 30 ns, in the reverse (O2 producing) direction, which is illus-
trated by the changing sign of the rate of temperature change for this
reaction. The energy contribution from the second exchange reaction,
N� O2, is also noticeable, but smaller than from the first, which is
related to the 2.5 times smaller energy release after that reaction.
There is also some contribution, although relatively small, from
nitrogen dissociation. The results obtained with STS solver, qualita-
tively different from DSMC, indicate that the gas temperature
decreases primarily due to the N2 � O2 oxygen dissociation. Ini-
tially, the contribution amounts to over 90%of the total chemical term
(the only other visible source being O2 � O2 dissociation). With the
increase of the number of oxygen atoms in the flow, oxygen disso-
ciation on O also becomes a factor, although still not as significant as
theN2 � O2 reaction. The STS rate of temperature change is initially
well over an order of magnitude faster than in DSMC due to lower
degree of vibrational favoring in dissociation. There is no visible
impact of nitrogen dissociation in STS. In the MMT model, the key
chemical processes are N2 � O2 dissociation, O� NO dissociation,
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Fig. 16 TC2: contribution of different reaction rates to O2 (a) and NO (b) density change (STS).
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and both exchange reactions. The N2 � O2 dissociation is important
approximately the first 20 ns; after that, NO dissociation becomes the
largest contributor to the rate. TheO2 dissociation contributions have
local maxima at approximately 8 ns due to the increase in vibrational
temperature, discussed earlier. This is significantly later than in
DSMC, where the maxima were observed at about 3 ns. This differ-
ence is due to the single vibrational temperature approximation used
in the NS solver: it essentially averages over the vibrational temper-
ature of the fast-relaxingO2 with the slow-relaxingN2. According to
MMT, the exchange reactions, and not oxygen dissociation as in
DSMC and STS, is the main factor for the decreasing temperature in
the later stage of the relaxation (from 20 ns to 1 μs).

B. Flow over a Cylinder

1. Gas Macroparameters

Of the five solvers used in this work, three are multidimensional
and thus can be applied to compute hypersonic flow over a body: the
DSMC-based SMILE, and LeMANS and SU2-NEMO that solve NS
equations. The gas models used in these solvers to analyze spatially
homogeneous relaxation shown earlier are now applied to a 6 km∕s
air flowover a cylinder, under temperature conditions fairly similar to
those of the high-temperature bath case TC2. The peak translational–
rotational temperature reaches nearly 15,000K inside the shockwave
at the stagnation streamline; the macroparameters profiles along this
line are presented below.
The impact of theDSMCgasmodel on the overall translational and

nitrogen vibrational temperatures is shown in Fig. 19a. These results
may be compared to those of Fig. 12, where these models were

applied to the adiabatic heat bath (note that the DSMC-M1 model

is not shown in this section as it is fairly close to DSMC-M2). The

comparison indicates that the model with the fastest thermal relaxa-

tion, DSMC-M4, has the smallest stand-off distance, and vice versa,

for DSMC-M2. The primary reason for the noticeable difference in

the stand-off distance is the dissociation reaction rates, most impor-

tantly, those ofN2 dissociating onN2 and O. The models DSMC-M2

and DSMC-M3 apply the same reaction rates at equilibrium, but

under nonequilibrium conditions, DSMC-M2, which takes into

account the effect of vibrational favoring of dissociation, has a lower

reaction rate. Initially, it is because the vibrational temperature is

much lower than translational, and at a later time, when temperatures

nearly equilibrate, it is because of the depletion of high vibrational

levels due to the dissociation. DSMC-M3 and DSMC-M4 use the

same collision and reaction models, but the dissociation rates are

higher in DSMC-M4 (the rate coefficients for DSMC-M3 and

DSMC-M4 are reproduced, respectively, by “DSMC” and

“LeMANS-Park” in Fig. 3; see also [7]). The stand-off distance is

well known to decrease when endothermic reaction rates increase as

more energy is transferred from the thermal modes of gas molecules

to the potential energy of the created atoms [87]. In all three models,

the vibrational temperature is slightly below the translational at the

locations between −0.008 and −0.002 m. This is believed to be

driven by the endothermic N2 � O exchange reaction and for

DSMC-M2, also by the vibrationally favored dissociation. The peak

vibrational temperature largely depends on the dissociation reaction

rates, and thus it is lowest for DSMC-M4 and highest for DSMC-M2.

Note that there is a visible change of slope near the wall predicted
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Fig. 18 TC2: impact of reaction channel on the rate of temperature change for DSMC-M2 (a), STS (b), and LeMANS-MMT (c).
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Fig. 17 TC2: contribution of different reaction rates to O2 (a) and NO (b) density change (LeMANS-MMT).
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with Park’s reaction rates, explained by the early offset of the gas-

phase recombination of N and O atoms, resulting in the formation of

NO and thus a significant heat release into the bulk gas.

The difference in the nonequilibrium reaction rates for the exam-

ined DSMC models is clearly manifested in the atomic nitrogen and

nitric oxide mole fractions, given in Fig. 19b. For the DSMC-M4

model, X[N] grows rapidly to its quasi-steady-state value of about

0.37. There is a peak of X[NO] observed for this model, but the peak

is rather small, approximately 2.3%. For both DSMC-M2 and

DSMC-M3, the initially rapid growth in X[N] becomes much more

gradual after the first 1 mm into the shock. The reason for the

qualitative difference between the DSMC-M2/DSMC-M3 and

DSMC-M4 models is the NO dissociation rates. For DSMC-M4,

where the NO dissociation rate constants are nearly two orders of

magnitude larger, the initial increase is driven by both the fast

dissociation of N2 and NO (the latter is produced in the fast N2 �
O exchange reaction, because the molecular oxygen is almost fully

dissociated at that point). For the other two models, the NO dissoci-

ation is a minor player, and the increase in X[N] is only due to N2

dissociation. Moreover, the N2 dissociation reaction is competing

with theN2 � O exchange, and thus less N is produced. After X[NO]

reaches its peak of over 8% for DSMC-M2 and 7% for DSMC-M3,

the decreasing gas temperature suppress the highly endothermic

N2 � O exchange process. The reverse exchange reaction becomes

more important, in turn increasing the mole fraction of N.

The gas temperatures computed with LeMANS and SU2-NEMO

solvers are plotted in Fig. 20a. Both solvers use the preferential

Gibbs, Gibbs-P, model, with Park’s reaction rate constants; in addi-

tion to that, theMMTmodel is used in LeMANS. Comparing the two

reaction models, one can see that the peaks of translational and

vibrational temperatures are noticeably, up to 1000 K, higher in

MMT. This is generally expected because lower dissociation reaction

rates are applied in MMT. There is also small difference between the

models in the boundary layer,withMMT temperature also lower. The

standoff distance predicted by LeMANS is nearly the same in MMT

and Gibbs-P. In SU2-NEMO, which uses the same two-temperature

Gibbs-P model, the stand-off distance is about 10% smaller than in

LeMANS, and the initial temperature rise is much steeper. The
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Fig. 19 TC3: impact of the DSMC gas model on translational (solid lines) and N2 vibrational (dashed lines) temperatures (a) and species mole
fractions (b).
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difference is attributed to differences in the implementation of shock

wave discontinuities in these codes, and not to transport or reaction

models. Comparing these results with the adiabatic bath, Fig. 13,

notice quantitatively similar trend of a higher vibrational peak and
slower after-peak relaxation in the MMT model compared to

Gibbs-P.
The solver and reaction model effect on the N and NO mole

fractions is shown in Fig. 20. Both solvers predict a maximum X

[NO] of less than 4%. This is about 50% larger than that predicted by

the DSMC-M4 model, which uses the same Park’s reaction rate
constants. The difference is attributed primarily to the implementa-

tion of the TCE model in the DSMC; even though the model was

derived from temperature-dependent reaction rate constants, the

reaction probabilities are energy based, and under the conditions of

strong thermal nonequilibrium, when the vibrational temperature is

much lower than the translational, and vibrational populations are
significantly nonequilibrium, the reaction rate in the TCEmodel will

not be equal to that of a continuum approach. The peak X[NO] in

MMT is very close to DSMC-M4. All NS solutions are considerably

lower than the peak X[NO] predicted by DSMC-M2. Note that

accurate determination of that peakmay be important, with NObeing

the key flow observable, and experimental data may be necessary to
resolve the differences between the models. There are relatively

minor differences in X[NO] obtained by LeMANS and SU2-NEMO,

mostly related to the differences in the stand-off distances discussed

earlier. Comparing the species mole fraction near the wall, notice

the increase of X[NO] for Park’s rates which, similar to the DSMC

solution, is due to the fast NO recombination in that region of

the flow.

2. Distributed Surface Properties

Consider now the impact of the reaction model on the distributed

surface properties over the cylinder. Below, only the distributed heat

flux is shown, because the impact of the model and the numerical

approach on the distributed pressure and skin friction was found to be

within one percent. The distributed heat flux is presented for the

DSMC and NS approaches on Figs. 21a and 21b, respectively. Here,
the angle of 0 deg corresponds to the stagnation point. In addition to

the baseline models, computations were conducted for fully catalytic

gas–surface interaction models, in order to approximate the strongly

catalytic surface of experiments [3]. In DSMC, the model [53] is

used, where all collisions between pairs of atoms in a layer of very

small collision cells adjacent to the body are assumed to result in a

three-body recombination, with the third partner selected randomly
from all particles in that cell. In NS, all nitrogen and oxygen atoms

were assumed to react and form molecular nitrogen and oxygen,

respectively. FromFig. 21a it may be concluded that the impact of the
nonequilibrium reaction and collision model, cf. DSMC-M2 and
DSMC-M3, is negligible, and is essentially within the statistical error
bars of the computations. The difference in shock and the aftershock
relaxation, including the stand-off distance, therefore has virtually no
impact on the surface aerothermodynamics in this case. There is very
noticeable, on the order of 10%, impact of the reaction rate constants,
cf. DSMC-M3 and DSMC-M4 profiles. Park’s rate set predicts a
higher heat flux, with the difference for the most part driven by NO
recombination (notice also that the relative difference is a weak
function of the location along the wall, with the difference at the
stagnation point of about 12%, and at 90 deg, less than 8%). The fully
catalytic models, as expected, result in further increase of the heat
flux due to the exothermic wall recombination. For the DSMC-M2
model, the catalytic processes increase the heat flux at the stagnation
point by 25% and at 90 deg, by over a factor of two, although the
absolute increase is larger at the stagnation point where more atoms
where produced behind the shock due to higher temperatures. Inter-
estingly, there is a visible difference between fully catalytic DSMC-
M2 and DSMC-M4 models. This is related to a significant presence
of NO in the Knudsen layer around the wall, predicted with Park’s
reaction rates and discussed earlier, and complemented by a notice-
able mole fraction of atomic oxygen. That, in turn, stimulates fast
exothermic exchange reaction NO� O → O2 � N, and therefore
heat release, as compared to the baseline SMILE rates where NO
population near the wall is negligible.
The impact of the reaction rates in the continuum simulations is

shown in Fig. 21b, where the QCT-based MMT model is compared
with the results based on the Park’s reaction rates. The rate effect in
NS is similar to DSMC only near the stagnation point, where the
Park’s model predicts an 11% higher heat flux. At larger angles, the
heat flux of the MMT model becomes larger than Park’s. Such a
crossover is attributed to the nitrogen on oxygen dissociation. Behind
the shock, the flow is nearly thermally equilibrium, and thus the
reaction rates for this reaction closely follow that shown in Fig. 3a. At
higher temperatures, such as those in the coreflow near the stagnation
line, the reaction rate constant of theMMTmodel is higher or close to
that recommended by Park. The shock wave at larger distances from
the stagnation line is much weaker, and the temperatures, much
lower. At those temperatures, the dissociation rate is considerably
lower in the MMT model. Lower dissociation rate, and thus lower
heat removal from the flow, predictably results in higher heat flux.
Catalytic surface significantly increase the heat flux, with the
increase for the MMT model fairly similar to that of the baseline
DSMC-M2.
Let us now compare the gas and surface properties obtained with

NS and DSMC. Figure 22a shows such a comparison for the case
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Fig. 21 TC3: distributed surface heat flux obtained by different DSMC (a) and NS (b) models.
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where the codes use the same reaction rate constants. The gas overall
vibrational temperatures and atomic nitrogen mole fractions are
shown here. The differences in the standoff distance and peak vibra-
tional temperatures observed in highly nonequilibrium part of the
flow are generally expected. For the flow between the shock and the
boundary layer, which is close to thermal (but not chemical) equilib-
rium, implementation details, such as energy modes contributing to
reaction rates, and possibly differences in transport properties and
vibrational relaxation, are believed to be responsible for somewhat
lower degree of dissociation, and thus higher temperature, in DSMC
compared to NS. The surface pressure distributions for the DSMC
and NS are close, with the DSMC stagnation point value approx-
imately 2% higher, and thus are not shown here. The surface heat
fluxes for the high-fidelity DSMC and NS models are given in
Fig. 22b, along with the experimental data [3]. Noncatalytic DSMC
and NS predictions agree well near the peak value. At larger angles,
MMT model predicts visibly higher heat flux. The reason for this is
believed to be the same as discussed in the MMT versus Park
comparison, namely, the nitrogen dissociation reaction rates (see
Fig. 3a). The Bias model of DSMChas the rate constant that is higher
than that for MMT at low temperatures, and lower, at high temper-
atures. The inverse dependence of the heat flux on the dissociation
rate causes the observed difference in the slopes for the Bias and
MMT models. Interestingly, this difference propagates to the cata-
lyticmodels, where the slope for the Biasmodel is also steeper. Both
catalytic models reasonably agree with data, with the NS solution
being somewhat closer (although it is not clear whether the surface
in the experiment was fully catalytic as it was assumed in the
computations).

VIII. Discussion

A. Reaction Rates

Large uncertainties in vibrational relaxation and reaction rates for
atomic and molecular air species, which are especially significant
under conditions of strong thermochemical nonequilibrium, are
associated with the lack of accurate and detailed experimental data
on these processes. Ideally, each of these processes needs to be
evaluated individually in a wide range of flow conditions. In the
absence of such data, CFDmodelers usually choose rates andmodels
that they believe best reflect the state-of-the-art. Because of this, the
five different solvers applied in this work use their standard rates and
models as the baseline. Comparison of VT relaxation times assumed
or applied in these solvers indicates that for a range of temperatures
relevant to hypersonic simulations, there are large, in most cases well
over an order of magnitude, uncertainties in collisions that include
nitric oxide. There are also an order-of-magnitude differences for the

importantN2 � O interaction. Analysis of the reaction rate constants
shows that there is good agreement between all solvers for Zeldovich
exchange reactions. Similarly, there is little difference in the assumed
equilibrium constants. The largest, up to two orders of magnitude,
differences are observed between the NS and the three STS
approaches for the dissociation and recombination reactions of NO.
The corresponding rate constants of both NS solvers, which are
conventionally based on Park’s recommendations, systematically
overpredict the other three, which are based on recent theoretical
predictions.

B. Moderate-Temperature 0D and 1D Relaxation

The moderate temperature adiabatic bath relaxation, where the
initial translational-rotational temperature is on the order of 7000 K,
is the test casewhere all solvers andmodels considered here are used.
The computations have clearly shown that there is better agreement in
gas temperatures, both translational and vibrational, than in species
mole fractions. In the latter, the differences in relaxation time reach an
order of magnitude, and the culprit to a large extent was oxygen
dissociation onN2 molecules. For this collision type, more complete
and accurate information on vibration–dissociation coupling may be
required, applicable to both state-specific and traditional continuum
approaches.
Besides 0D heat bath, DSMC computations of a 1D reflected

shock wave were also conducted under conditions, where experi-
mental data have recently been obtained on oxygen absorbance under
conditions similar to those of the moderate temperature heat bath
case. The computations indicate that a reconsideration of the relax-
ation properties of the currently used VV model may be needed,
originally developed based on experimental data obtained at much
lower temperatures. The baseline DSMCmodel was found to capture
well the initial rise in absorbance, and the absorbance maximum, but
not the sharp decrease after the peak. Comparison of 1D and 0D
results indicates that such a decreasemay be difficult to capture for all
STS approaches considered here. The NS approaches cannot be
applied for this comparison as long as they use a two-temperature
model; a separation of vibrational temperature by species would be
necessary in this case (or in any case where O2 or NO vibrational
temperature or absorbance is measured inside a shock).

C. High-Temperature 0D and 2D Relaxation

The distinctions between solvers significantly increase when the
adiabatic bath temperature was increased to 15,000 K. Most notably,
there is an over a factor of two difference between themaximummole
fractions of NO. It is much higher in DSMC and the QCT-based
solution of the vibrational kinetic equations than in NS, with the
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Fig. 22 TC3: comparison of NS and DSMC solutions. Stagnation line properties (a) and distributed heat flux (b).
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primary reason being two orders of magnitude higher NO dissocia-
tion rates assumed in NS. There are also noticeable differences in the
time-dependent profile of atomic oxygen mole fraction, with the
state-specific approaches indicating a change of slope related to
gas reaching quasi steady state, and dissociation slowing down due
to the depopulation of high vibrational levels. The computations
allowed the evaluation of separate contributions of different reaction
channels to the time evolution of O2 and NO mole fractions and gas
temperature. These contributions were found to be qualitatively
different, with the main players being N2 � O exchange and O2 �
O dissociation inDSMC,O2 dissociation onN2 in a vibrational state-
specific approach, andNO� O dissociation, in addition toO2 � N2

dissociation, in NS.
DSMC simulation of a hypersonic flow over a cylinder shows that,

for considered conditions, the nonequilibrium gas model, which
includes vibration–dissociation coupling and a high-fidelity treat-
ment of VT energy transfer, has visible impact on the gas properties
inside and immediately behind the shock, as well as the shock stand-
off distance, but has virtually no effect on the distributed aerothermo-
dynamic properties. Reaction rate constants do impact gas properties
and surface heat flux for both DSMC and NS. For the gas properties,
the large uncertainties in the dissociation rates ofNOhave a dominant
impact on the peak NOmole fraction. For the heat flux, NO recombi-
nation becomes a major player, in addition to nitrogen dissociation.
Generally, there is good agreement between NS and DSMC heat
fluxes, both for lower-fidelity models based on Park’s reaction rate
constants and for higher-fidelity QCT-based models. Peak heat flux
for a higher-fidelity model in NS is approximately 10% lower than its
lower-fidelity counterpart, with the difference attributed to the dis-
sociation rate constants. NS and DSMC models that include surface
catalycity agreewell with available experimental data on surface heat
flux, although this agreement may not be regarded as a comprehen-
sive model validation, for which detailed spectrally and spatially
resolved experimental data would be necessary.

D. Code-to-Code Differences

In the ideal case of fully defined and consistent physical and
chemical models applied in different CFD solvers, with matching
rates and compatible models, differences in the results would be
negligible. This is often not the case, though, as the results are also
influenced by various numerical parameters. An example of this
effect was shown in this work, where the application of two NS
solvers with identical physical models resulted in virtually identical
results in adiabatic baths, but visibly different stand-off distances for
a hypersonic flow over a cylinder.

E. Effect of Vibrational Relaxation and Reaction Model

Multiple comparisons presented in this work illustrate how the
uncertainties in relaxation and reaction rates are exacerbated by
uncertainties related to nonequilibrium collision and reaction mod-
els. In NS solvers, changing nonpreferential to preferential model of
vibrational energy lost to dissociation has visible, but still relatively
small, impact on gas relaxation. However, replacing the conventional
2D-Park reaction model with MMT has large effect on both overall
and species properties, where the MMT relaxation is several times
slower than 2T-Park. Similarly, in DSMC, the vibrationally favored
Bias dissociation model results in much slower relaxation than the
conventional TCE model, and this model effect is sometimes larger
than the effect of the rates. While it is tempting to conclude that the
Bias model in DSMC and the MMT model in NS better capture the
properties of real reacting air than their simpler conventional counter-
part, as they certainly offer improved physical realism, certain cau-
tion needs to be used before such a conclusion is drawn. The reason
being the lack of detailed parametric validation of these models with
accurate and time-resolved experimental data in a sufficiently wide
range of temperatures.

F. Validation: What Is Missing?

With the impressive progress achieved over the last decade at
shock tube facilities, where time-accurate emission and absorption

diagnostics were applied behind incident shockwaves (NASAEAST
and Moscow State facilities) and, most recently, reflected shock
waves (Stanford reflected shock facility) at highly nonequilibrium,
hypersonic conditions, the daunting task of nonequilibrium high-
temperature air model validation may finally be within reach. For
validation efforts to be successful, time-resolved diagnostics with
error bars within 5% would be highly desirable, in the range of
temperatures from 5000 to 15,000 K. In this work, several aspects
that would be useful for such a validation are highlighted,
1) Nitric oxide relaxation and dissociation properties
2) VTenergy transfer in collisions of atoms withN2, as well asN2

dissociation rate
3) Peak nitric oxide mole fraction behind strong shock waves
4) Vibrational favoring of N2, O2, and NO dissociation
5) Reaction paths most important in moderate- and high-

temperature regimes.

IX. Conclusions

Five gas flow solvers that use fully kinetic, vibrationally kinetic,
and continuum approaches are applied to model high temperature
thermal and chemical relaxation of air in an adiabatic heat bath and a
hypersonic flow over a cylinder. Significant uncertainties in vibra-
tion-translation relaxation time and dissociation, recombination, and
exchange reaction rates are shown to have a profound effect on gas
temperature and species mole fractions. Accurate experimental data
are required to reduce these uncertainties, especially in collisions that
include nitric oxide.
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