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This paper represents a summary of results to date of an on-going effort at NASA Ames
Research Center to develop a physics-based non-equilibrium model for hypersonic entry
into the Martian atmosphere. Our approach for the determination of reaction rate
coefficients is to first compute potential energy surfaces based on accurate solutions of
the electronic Schrédinger equation and then use quasiclassical trajectory calculations to
obtain reaction cross sections and rate coefficients based on these potentials. We have
presented new rate coefficients for N, dissociation and CO dissociation and exchange
reactions. These results illustrate shortcomings with some of the rate coefficients in
Park’s original T-T, model for Mars entries and with some of the 30-45 year old shock
tube data. We observe that the shock tube experiments of CO + O dissociation did not
adequately account for the exchange reaction that leads to formation of C + O,. This
reaction is actually the primary channel for CO removal in the shock layer at
temperatures below 10,000 K, because the reaction enthalpy for exchange is considerably
lower than the comparable value for dissociation. The rate coefficients reported herein
should reduce the uncertainty in modeling hypersonic flows expected for entry of heavy
spacecraft into the Martian atmosphere.

L. Introduction

NASA has plans to land increasingly heavier payloads on Mars over the next two decades, as
preparation for a manned Mars mission. To date, the heaviest object that has been safely landed on Mars is
about one metric ton. The safe landing of payloads on Mars is difficult owing to the low atmospheric
density. The Martian atmosphere is 96% CO, with 1.9% each N, and Ar by volume and other minor
constituents [1] and the average atmospheric pressure at the surface is only 0.008 bar [2]. Depending on the
entry architecture of the proposed NASA missions, the entry speeds will be 5-8 km/s and the equilibrium
temperature of the bow shock layer will be 4,000-8,000 K. The shock layer around the entry vehicles is
predicted to be chemical and thermal nonequilibrium, with the translation temperature, T, peaking at 12,000-
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20,000 K and internal temperature, Ty, of the gases rising slowly in time until it is equal to T and local
thermal equilibrium is achieved. Under most of these entry conditions CO, will be completely dissociated in
the shock layer; thus the important species for Mars nonequilibrium chemistry will be CO and atomic
oxygen. For some mission scenarios with the entry speed less than 5 km/s, CO, will not be completely
dissociated in the shock layer. For the range of entry speeds considered the degree of ionization is predicted
to be less than 0.5%. The composition of the Venusian atmosphere (96.5% CO, and 3.5% N, [3]) is similar
to Mars, but the pressure is much greater. At altitudes of 50-65 km, the pressure and temperature of Venus
and Earth atmospheres are similar [4]. Owing to greater gravitational forces, the entry speed of planned
Venusian entries will be greater than 10 km/s [5,6].

In order to predict the expected heat flux that the entry vehicle will experience, Computational
Fluid Dynamics (CFD) and radiative transport simulations using a reacting gas model are performed. The
predicted convective and radiative heat loads along the entry trajectory are then used to design the thermal
protection system. The two-temperature (T-T,) nonequilibrium chemistry paradigm introduced by Park [7-
10] in the 1980s is still widely used today for CFD simulations of flow fields surrounding spacecraft
entering planetary atmospheres. The vibrational temperature (T,) also describes the electronic state and free
electron temperatures and the rotational temperature is assumed equal to T. The relationship between T and
T, is given by a first-order relaxation expression based on the Landau-Teller model [11,12]. Park made the
additional anmsatz that the temperature dependence of molecular dissociation reaction rate coefficients
depends on an average temperature (T,,) which is defined as the geometric mean of T and T, (T,, =
[TXT,]]"%). When T = T,, the regular Arrhenius rate coefficient expression for dissociation reactions holds
and the parameters of that expression are used to describe the reaction kinetics when T # T,. In the Landau-
Teller model, an additional relaxation equation is used to control the rate of relaxation of T, toward thermal
equilibrium. The so-called vibrational relaxation time ty is the parameter required for the Landau-Teller
model, and values of that parameter are required for every molecule-collision partner pair. Additional
parameters needed for the T-T, model are the thermochemical enthalpy and entropy for each of the atomic
and molecular species, and transport parameters for mass and energy diffusion.

Most of the experimental data used to formulate the T-T, models was obtained from experiments
and flight tests carried out more than 30 years ago. Over the years, the sets of species and elementary
chemical reactions described in these models have been modified and the parameters (e.g., rate coefficients,
transport coefficients and relaxation constants, etc.) have been refined based on new experimental data and
measurements from flight tests and high-enthalpy ground-based facilities. However, most of the
experimental data still being used in the T-T, models was obtained from experiments and flight tests carried
out more than 30 years ago. Park’s chemistry models for Earth entry [13] and for Mars and Venus entry [14]
(referred herein as Park94) are still the de facto standard in the aerothermodynamics community. In 2014,
Johnston and Brandis [15] published an update to Park94 (referred to as Johnston2014) which contains
updated reaction rate coefficients empirically adjusted to improve the agreement between CFD-radiative
transport calculations and measurements carried out in the Electric Arc Shock Tube (EAST) facility at
NASA Ames Research Center.

Concurrently, a multi-year project has been underway at Ames to develop a new so-called
“physics-based” nonequilibrium chemistry model for Mars entry based on computational physics and
chemistry and validated through measurements in EAST [16] by using the computational tools DPLR [17]
and LAURA [18] for flowfield simulations and NEQAIR [19] and HARA [20] for radiation modeling. The
goals of this project are to improve our understanding of the physical processes in the shock layer around
entry vehicles and in ground test facilities, improve the accuracy of the physical and chemical models and
ultimately to reduce the modeling uncertainty in predictions of the convective and radiative heating
spacecraft will experience during Mars entry. This paper is a status report of results from that project.

The most important components of nonequilibrium chemistry models for hypersonics are rate
coefficients for the dissociation and exchange reactions involving the atmospheric species at high
temperatures. If the spacecraft has an ablating heat shield, one must also consider interaction between
ablation products (often these are carbonaceous species such as C, C,, CO, C;, C,H, etc.) and the
atmospheric species. The following reactions constitute the set required to model Mars entries without
accounting for ablation. As mentioned above, the Mars atmosphere is mostly CO, with a small amount of
molecular nitrogen. Reaction R1 describes the initial reaction that occurs in the shocked gas: namely,
dissociation of CO, with M being the collision partner (CO,, N, or Ar). After sufficient mole fractions of
CO and atomic oxygen are attained, the exchange reaction R2 dominates, because the activation energy for
this reaction is much less than the energy required for dissociation. R2 has an estimated energy barrier of
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between 205 and 285 kJ/mol [21,23] and the O, formed by this reaction is also more easily dissociated than
is CO,. In fact, for entry speeds greater than 5 km/s, nearly all the CO, is dissociated immediately after the
shock. And the dominant shock layer species become CO and O.

CO,+M—>CO+0+M AH,,(0K) = 526.150  0.042 kJ/mol (R1)
CO,+0 — CO + 0, AH,.,(0K) = 32.462 + 0.042 kJ/mol (R2)
0,+M—>0+0+M AH,.,(0K) = 493.688 + 0.004 kJ/mol (R3)

At that point, reactions that remove CO and N, take over. The dissociation reactions (R4 and RS,
respectively) are slow because the N, and CO bond energies are quite large. However, due to the abundance
of atomic oxygen, exchange reactions offer an effective lower-energy mechanism for removing N, and CO.
For N, the two elementary reactions of the Zel’dovich mechanism (R6 and R7) convert N; to NO and O,.
For CO reaction with atomic oxygen (R8) produces C + O,.

N,+M—>N+N+0 AH,,(0K) = 941.146 + 0.048 kJ/mol (R4)
CO+M—>C+0+M AH,,(0K) = 1072.041 + 0.083 kJ/mol (R5)
N, +0 - NO +N AH,,(0K) = 314.315 % 0.090 kJ/mol (R6)
NO+0 — 0, +N AH,,(0K) = 133.143 % 0.090 kJ/mol (R7)
CO+0—>C+0, AH,,(0K) = 578.353 + 0.083 kJ/mol (R8)

Other exchange reactions (R9-R12) involving atomic nitrogen and carbon convert CO to CN, NO
and C,. These are also important because CN and C, are responsible for intense photoemissions observed in
the visible and UV. The CN, NO and C, molecules formed by reactions R9-R12 can also undergo collisional
dissociation.

CO+N—>CN+0 AH,,(0K) = 326.79 % 0.20 kJ/mol (R9)

CO+N - C+NO AH,,(0K) = 445.210 + 0.169 kJ/mol (R10)
CN+0 - C+NO AH,,(0K) = 119.42 + 0.27 kJ/mol (R11)
CO+C—>Cy+0 AH,,(0K) = 469.51 % 0.38 kJ/mol (R12)

All of these reactions are written in the endothermic direction. In the flowfield, however, they can
occur in either that direction or in the reverse (exothermic) direction. The ratio of the forward and reverse
reaction rate coefficients is equal to the equilibrium constant (which is determined from the change in Gibbs
free energy for the reaction), so the rate coefficient of a reaction only has to be specified in one direction.

The values for the reaction enthalpies given above are determined using the Active
Thermochemical Tables (ATcT) developed by Ruscic and coworkers at Argonne National Laboratory [24-
27]. ATcT uses a network approach to assigning formation enthalpies at 0 K and 298 K for individual
atomic and molecular species. In contrast, older compendia of thermochemical data such as CEA [28],
JANAF [29] and Gurvich [30] use a sequential strategy of adding one new species at a time to an existing
set. The network approach simultaneously optimizes the complete set based on some initial set of energies.
It is readily expandable as new data for existing species and data for new species become available. In
contrast, it is not as easy to add new species or update tables for existing species as in the other compendia.
Currently, the ATcT database contains many species of interest to hypersonics that are not present in other
thermochemical databases, such as highly reactive molecules like C,H;, C,Hs, N,H and N,Hj that are
important species for modeling propellants and ablating surfaces. For Mars entry, the main differences
between ATcT and JANAF formation enthalpies are the increased precision and smaller standard errors. In
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addition, ATcT incorporates the newer value for the C, heat of formation, resulting in a -9.0 kJ/mol change
from the JANAF value AH’(0K) = 820.26 kJ/mol ATcT and 829.3 kJ/mol JANAF). Large differences
between ATcT and JANAF also exist for C,H, C,H, and Cs;, which are used in modeling ablation. To
compute the equilibrium constants over the full range of temperatures required for simulating entry flows,
the enthalpy and entropy have to be determined over this temperature range. This is accomplished for
molecules by computing the specific heat, Cp(T) using the rovibrational energy levels for all the bound
electronic states. These energy levels can be determined using the quantum chemistry calculations described
in the next section.

In all, the new nonequilibrium chemistry model for use in CFD simulations of Mars entry flows
will require: (1) parameters for Arrhenius expressions for thermal rate coefficients for reactions R1-R12, (2)
values for thermodynamic functions such as enthalpy and entropy that are used to compute equilibrium
constants for these reactions, (3) internal energy relaxation parameters to model the evolution of internal
temperatures and (4) transport coefficients for mass and energy diffusion throughout the flowfield for all
pairs of colliding species. In addition, spectroscopic constants for optical and molecular absorption and
emission transitions that occur in the shock-heated gases are needed to compute the radiative heat flux
impinging on the spacecraft. In this paper we concentrate on (1), the determination of rate coefficients for
reactions relevant to Mars entry.

The paper is organized as follows: section II is a short description of the computational physics and
chemistry methods used to determine parameters for the nonequilibrium chemistry model, III contains new
values for rate coefficients, IV describes tests of the chemistry data in Computational Fluid Dynamics (CFD)
calculations for typical Mars entry conditions, and V presents our recommendations and conclusions.

I1. Computational Chemistry Methods

Physics-based modeling of hypersonic flows is predicated on the availability of chemical reaction
rate coefficients and cross sections for the collisional processes. This approach has been built around the use
of quantum mechanical methods to model the interaction between the colliding particles and is described in
detail in the work of Jaffe er al. [27] In this approach, an ab initio potential energy surface (PES) is
computed by solving the electronic Schrédinger equation for many geometric arrangements of the atoms that
comprise the colliding particles. Given a PES, collision cross sections are determined for that PES using
classical, semiclassical or quantum mechanical scattering methods. As the calculation of the energy for each
geometry is computationally intensive, the set of geometry and energy data must be fit to some analytic
function which is used as input for the scattering calculations. In order to obtain cross sections of sufficient
accuracy, the ab initio quantum chemistry calculations should provide relative energies (i.e., between
geometries) of an accuracy *+ 5 kJ/mol or less. This presents a formidable challenge, as discussed in ref. 31.

For computing rate coefficients of chemical reactions we primarily use classical scattering method
called quasiclassical trajectory calculations (QCT). This method simulates individual collisions using
Hamilton’s equations of motion, with initial conditions selected by Monte Carlo sampling of appropriate
distributions for geometric orientation, vibrational and rotational phase, impact parameter and collision
energy. Each individual collision is a trajectory and the initial vibration and rotation energies of reactant
molecules are chosen to represent quantized rovibrational levels. The trajectory starts with separated
reactants moving toward each other and continues until the products of the collision are well separated. The
trajectory can represent an inelastic collision (the reactant species are in different rovibrational levels), a
dissociation reaction (one of the initial molecules is now two separated atoms) or an exchange reaction (new
molecules have been formed). A large batch of trajectories are computed for each set of initial conditions
and the cross section for a specific outcome (for example, dissociation) is proportional to N(i)/Nyo,, Where
Niota is the number of trajectories computed and N(i) is the number which have that desired outcome. In
these calculations, Ny is on the order of 10° to 107 and the statistical sampling error is on the order of N(i)’
2 Thermal reaction rate coefficients are computed by integrating the cross sections over a range of collision
energies with Maxwell-Boltzmann weighting. Cross sections can be computed for specific molecular
rovibrational energy levels or these energy levels can be sampled from a thermal Boltzmann distribution. A
lengthy description of the QCT method is also given in ref. 31.

If the flow is in thermal non-equilibrium, the translational, vibrational and rotational energy modes
can be represented in different ways: (1) the rovibrational energy modes can be described by an internal
temperature (Tj,) that is distinct from the translational temperature T; (2) three different temperatures (for
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translation, vibration and rotation) can be used to describe the distributions (for example, the Park94 T-T,
model with T, = T); or (3) the populations of individual rovibrational energy levels can be determined by
solving the Master Equation [32]. The full Master Equation is the most accurate method for describing the
details of each reaction, but it is exceedingly difficult to carry out. The diatomic molecular species involved
in Earth and Mars entry flows all have between 7000 and 13,000 rovibrational levels, so the number of state-
to-state rate coefficients (and thus the dimensionality of the Master Equation) is quite large. Recent research
in the development of coarse-grained models [33-35] has led to strategies for combining the rovibrational
levels into large groups, so that the detailed reaction kinetics and energy relaxation of each molecule can be
accurately described by 5-10 independent groups of energy levels, each with their own rate coefficients. The
coarse-grained Master Equation approach is an attractive avenue of research, but it is beyond the scope of
the present study.

The ab initio potentials can also be used for simulating absorption and emission spectra. For
molecules, the energy levels of bound rovibrational levels must be computed for both upper and lower states
for electronic transitions, along with the expectation value of the appropriate operator (electric dipole
moment for IR spectra, electric dipole transition moment for electric dipole allowed electronic spectra, etc.)
over the entire grid of geometries. For diatomic molecules, the semiclassical WKB approximation [36] is
often used to compute the full set of rovibrational levels. Alternatively, solution of the Schrodinger equation
for the motion of atoms under the influence of the electronic potential [37,38] can be used for all types of
molecular spectra.

II1. Results for reaction rate coefficients

Using the results of the calculations described above, thermal reaction rate coefficients and
molecular thermodynamic properties have been computed. Where possible, in order to provide some
assurance that the calculations are sufficiently accurate, these rate coefficients are validated by comparison
with various experimental measurements. The results of some of these calculations are presented below for
species and chemical reactions that are expected to play a significant role under typical Mars entry
conditions.

To identify the most important reactions for study, we used an Uncertainty Quantification (UQ)
method [39] to determine which reactions control the magnitude of the radiative heat flux and the time for
the flowfield to reach thermal equilibrium after the shock [40]. We carried out a large number of flow
calculations for a 1-dimensional shock with random selection of the Arrhenius parameters and vibrational
relaxation times. For each of these parameters, we randomly selected the value within the interval p/10 < p;
< 10*p, where p is the value of that parameter in the Park94 nonequilibrium model and p; is the value
selected for the ith trial. From these trials we computed the integrated intensity of the CO 4™ positive
radiation and the distance after the shock when the flow temperature had relaxed to T/T.q = 1.05. The
principal source of radiative heating for Mars entry at speeds of 5-8 km/s is from the CO 4™ positive band
system in the vacuum ultraviolet (VUV) [11], it is not surprising that the production of CO by dissociation
of CO, (R1 and R2) and the dissociation and exchange reactions that remove CO (R5 and R8) are found to
be most important in controlling the radiative heating. In addition, the UQ study found R9-R11 are also
important reactions for controlling the equilibration of the flow. These are the exchange reactions that
regulate the mole fractions of CN and NO. The results are summarized in Table 1 for the free stream
condition 96% CO, and 4% N, at 3 Pa and 300K with a shock speed of 7.75 km/s, which approximates the
Mars Pathfinder mission entry. In light of these findings, we prioritized our work as follows: evaluate rate
coefficients for (1) CO dissociation by collision with O and CO (R5), (2) the exchange reaction between O
and CO (R8), and (3) the exchange reactions involving CO, CN and NO (R9-11). The dissociation reactions
are most important because the relative efficiencies of different collision partners (e.g., Ar, CO and O) in
promoting dissociation are not well known. Park94 [14] uses factors of 1, 5 and 15, respectively for Ar, CO
and O, while an earlier compendium of gas phase reaction rates by Baulch et al. [41] recommends factors of
1, 1-2 and 15 for CO dissociation (R5).
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Table 1. Major results of the Uncertainty Quantification study for Mars Entry:
Important reactions that determine the radiative flux due CO 4th Positive emission
and the time to reach chemical and thermal equilibrium after the shock

Reaction Sensitivity to Radiative Flux Sensitivity to Equilibration
Time
CO+0—>C+0+0(R5) 55% 48%
CO+CO—C+0+CO(R5) 25% 10%
CN+0— C+NO (R11) 9% 24%
CO+0—>C+02(R8) 4% 8%

A different approach was followed by Johnston and Brandis (Johnston2014 [15]) to derive their
modification of the Park94 [14] chemistry model. Their objective was to enable DPLR-NEQAIR and
LAURA-HARA simulations to better match the spectral intensities measured in EAST for CO 4™ positive
and CN violet emission for the following conditions: 6-8 km/s shock speed and 0.1 to 1.0 torr pressure in a
96% CO, and 4% N, gas mixture. No CO, IR emission was observed for those conditions, so CO,
dissociation (R1) was assumed to be complete. Johnston and Brandis found that the computed CO radiative
intensity was too high relative to the EAST measurements and recommended increasing the rate coefficient
for CO dissociation (R5) by a factor of 5.2 to reduce the mole fraction of CO in the shock layer. In their
analysis, they kept the relative efficiencies of Ar, CO and O used in the Park94 model [14]. They also found
adjustments in the rate coefficients for the CO + N (R9) and CN + O (R11) exchange reactions by factors of
10 and 0.1, respectively, were needed to match the observed intensity for the CN violet bands. Finally,
adjustments were made to the rate coefficients for Zel’dovich exchange (R6 and R7) and for C,, CN and NO
dissociation. Thus, they adjusted most of the reaction rate coefficients that the UQ study found to be
important for controlling the CO radiative emission and equilibration time.

In the last few years, ab initio potential energy surfaces and QCT thermal rate coefficients have
become available for O, and N, dissociation (R3 [42-51] and R4 [52-55], respectively), and the Zel’dovich
exchange reactions (R6 [56-61] and R7 [62-64]). In addition, Schwenke, Jaffe and Chaban (denoted
Schwenke2016) [65] have computed PESs and thermal rate coefficients for CO + M dissociation (R5) with
M = Ar and O and the CO + O exchange reaction (R8). These researchers are also applying this approach to
CO dissociation with M = CO. The CO + N exchange reactions (R9-R11) have also been the subject of
recent computational studies [66-69]. Thus, in the near future a consistent set of rate coefficients will be
available most of the chemical reactions that take place in the shock layer during Mars entries. Rate
coefficients for R4, R5 and R8 have been computed from the appropriate PESs and those results are
presented and discussed in this section. We plan to use some of these PESs for other reactions to obtain
similar rate coefficient calculations for R3, R6, R7 and R9-11.

Results for N, dissociation with M = N, and N, the CO dissociation with M = Ar and O and CO +
O exchange reactions are presented to illustrate our approach and to illustrate the problems of validating the
results against experimental measurements. For N, dissociation, rate coefficients have been measured in
shock tube experiments by Appleton [70] for 8000 K < T < 15,000 K, Hanson [71] for 5700 K < T < 12,000
K, Hornung [72] for 6000 K < T < 14,000 K and Roth [73] for 3390 < T 6435 K. Common practice in these
shock tube experiments was to use a nitrogen-noble gas mixture (usually argon) and to monitor the
decreasing N, mole fraction or increasing N atom mole fraction. The primary chemical kinetics
measurements were made for reaction R4 with M = Ar with a small initial N, mole fraction. The measured
N, + Ar rate coefficient data were fit to Arrhenius expressions Ky,(T) = A Xexp(-Tix/T) or kn(T) = BXT"
"X exp(-D¢/RT). In these expressions, A, Tny,, B and n are adjustable parameters and Dy/R is the diatomic
dissociation energy in Kelvin, measured from the lowest rovibrational level. By varying the initial N, mole
fraction, rate coefficients for M = N, and M = N could be obtained. For these cases, the values of n and Ty,
were fixed at the M = Ar values and only parameters A and B were adjusted when fitting the data to an
Arrhenius expression. Some of the experiments (e.g., ref. 71 and 72) used pure N, gas, and all the Arrhenius
parameters for M = N, and M = N could be determined by fitting the shock tube data. In general, the fits to
the experimental data were considered to have an uncertainty of £20-30% for M = Ar and ~+50% for M =
N, and M = N.

Potential energy surfaces for N, + N, (N4) and N, + N (N3), with all species in their ground
electronic states (12g+ for N, and *S for N), have been generated at NASA Ames by Schwenke, Jaffe and
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Chaban [52,53] using ab initio quantum mechanical calculations (as described in the previous section and in
ref. 31). Independently, similar PESs for N4 have been created at the University of Minnesota by Truhlar,
Candler and co-workers [53-55] (in their case, the N3 PES is included as a subset of N4). These N4 and N3
PESs are based on similar quantum chemistry methods, in that they approximate the same Multi-Reference
Configuration Interaction (MRCI) solution. However, they used quite different geometry grids and strategies
for creating the analytic representation to faithfully represent the ab initio energies. Thermal dissociation
rate coefficients for N, + N, and N, + N collisions for temperatures between 7500 K and 30,000 K have
been computed by both research groups using the QCT method. These dissociation rate coefficients are
compared in Figures 1 and 2, for N, + N, and N, + N, respectively. Also shown are the fits to the
experimental rate coefficients described above. For N, + N, (Figure 1), the QCT results based on the NASA
and UMN potentials are in close agreement over the entire temperature range (8000-30,000 K). They also
match the Park94 model and Roth measurements in magnitude and slope for temperatures up to ~10,000 K.
For higher temperatures, the slope of the Park rate coefficient becomes lower, indicating curvature in the
Arrhenius plot. The Appleton result agrees fairly well with the QCT rate coefficients and exhibits similar
slope over the full temperature range of that experiment. However, the Hornung and Hanson experimental
data have lower slopes and are only in good agreement with the QCT calculations at ~10,000 K. For N, + N
(Figure 2), The QCT results using the NASA PES agree quite well in magnitude and slope with the
Appleton data. Hornung data agree fairly well with the QCT and Appleton data at higher temperatures, but
exhibit a different slope. The Hanson rate coefficients are too high by a factor of 4. The rate coefficient in
the Park94 model is also too high, by a factor of 2.5. Figure 3 shows the rate coefficient ratios for k(N,+
N)/k(N,*+N,) as a function of temperature. The QCT values, using the NASA PES, decrease from 2 at
10,000 K to nearly 1 at 20,000 K, while the Park and Appleton values are constant (by assumption) at a
value of 4.3. The Hornung and Hanson values increase with increasing temperature. In the shock layer, N, +
N collisions dominate the dissociation process, because of their larger rate coefficients.
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Figure 1. N, + N, thermal dissociation rate coefficients. QCT calculations using the NASA
Ames [52,53] (black triangles) and University of Minnesota [53] potential energy surfaces
(black stars); Park94 [14] (red dashed line); Appleton experiment [70] (blue line); Hanson
experiment [71] (orange line); Hornung experiment [72] (green line); Roth experiment [73]
(black line). The Arrhenius fits to the experimental data are shown for the temperature range
of the experiment.
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Figure 2. N, + N thermal dissociation rate coefficients. QCT calculations using the NASA
Ames [52,53] (black triangles) potential energy surface; Park94 [10] (red dashed line);
Appleton experiment [70] (blue line); Hanson experiment [71] (orange line); Hornung
experiment [72] (green line). The Arrhenius fits to the experimental data are shown for the
temperature range of the experiment.
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Figure 3. Ratio of N2 + N to N2 + N thermal dissociation rate coefficients. QCT
calculations using the NASA Ames potential energy surface [52,53] (black diamonds);
Park94 [14] (red line); Appleton experiment [70] (blue dashed line and diamonds);
Hanson experiment [71] (orange line); Hornung experiment [72] (green line).
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The differences between the QCT rate coefficients and the shock tube results can be attributed to
several factors. For example, at T > 10,000 K the gases in the shock tube may not be in thermal equilibrium
(as assumed in our calculations) and higher N, rovibrational energy levels may be depleted from their
thermal populations. Instead, the gas may be in a Quasi Steady State condition (QSS), which results in the
reaction rates being lower than the thermal ones. It is also difficult to determine accurate Arrhenius rate
coefficient parameters from experiment, because of the limited temperature range and scatter in those data.
Appleton [70] used a N,-Ar gas mixture to measure rates for three dissociation reactions (M = Ar, N, and
N). Only the M = Ar result had sufficient accuracy to enable determination of the temperature dependence of
the dissociation rate coefficient, so he assumed the same temperature dependence for all three reactions. In
the QCT calculations, we cover a wider temperature range and can isolate individual reactions to more
accurately determine their rate coefficients. However, inaccuracies that may be present in the PES will lead
to errors in the rate coefficients. The fact that dissociation rate coefficients from two independent studies
[53] of N; + N, collisions agree so well gives us confidence that the PESs are accurate.

We computed ab initio PESs for CO + Ar and CO + O collisions and computed dissociation rate
coefficients using these potentials. [65] The CO + Ar PES helps in the calibration of the theoretical methods,
as the experimental rate coefficient data for CO + Ar dissociation reaction have been determined with
greater accuracy. [74-76] For CO + O, three PESs are needed to describe collisions between the reactants in
their ground electronic states (CO '=" and O °P). In C, symmetry, these are designated 1 *A’, 1 *A” and 2
3A”. All three PESs were computed and QCT rate coefficients were calculated for each of them. The overall
thermal rate coefficient is the average of the three individual values. Each of these CO + O PESs describes
the dissociation and exchange reactions (R5 and R8). Figure 4 shows the computed CO dissociation rate
coefficients for CO + Ar collisions. In that figure, the actual experimental data are shown along with the
recommended value from Park94 and the new QCT results. The experimental data are from Davies [74]
(actually given for three different measurement techniques), Appleton [75] and Mick and Roth. [76] The
QCT values agree quite well with the lower temperature values of Appleton, the higher temperature values
of Davies and the values of Mick and Roth. The Park94 values are generally lower by a factor of 3. The CO
+ O dissociation rate coefficients are shown in Figure 5. Experimental Arrhenius curves are plotted for the
Appleton [75] and Hanson [77] experiments, the Park94 model [14], the Johnston2014 modified model [15]
and the new QCT data of Schwenke et al. [61]. The Appleton and Hanson data are in good agreement where
their temperature ranges overlap. In contrast, the Park94 and Johnston2014 rate coefficients have steeper
slopes than the experimentally determined fits. Actually Park arbitrarily chose the temperature exponent (-
1.0) and scaled the pre-exponential factor to match the Mick and Roth value for CO + Ar at 8000 K and used
the same temperature dependence for CO + O. The QCT rate coefficients for CO + O dissociation happen to
agree with the Park94 recommendation, but that value is not based on any experimental data. Furthermore,
the QCT dissociation rate coefficients are quite different from the experimentally determined values. So
there is good agreement between QCT calculation and experiment for the dissociation rate coefficients for
CO + Ar, but not for CO + O.

The CO + O exchange reaction (R8) is an alternate chemical pathway in the shock layer for
removing CO. The exchange and dissociation reactions are described by the same PESs. So the rate
coefficient for this reaction has been determined by QCT calculation [65] and the sum of the dissociation
and exchange rate coefficients is shown as open circles in Figure 5. It can be seen that these values agree
extremely well with the two sets of experimental rate coefficients over a wide temperature range. When the
shock tube experiments were carried out, the exchange reaction was not considered in the data analysis, so it
appears that much of the CO removal attributed to dissociation in references 75 and 77 was actually due to
the exchange reaction. The rate coefficient given for the exchange reaction in the Park94 model is more than
an order of magnitude smaller than the QCT values [64]. The lower endothermicity of the exchange reaction
compared to dissociation means that it is most important at lower temperatures where the dissociation rate is
extremely low. The combined CO removal rate coefficient (R5+RS8), therefore, has a smaller slope than
dissociation (R5) alone and agrees well with the experimental data. The rate coefficient parameters for CO +
Ar and CO + O (RS and R8) are given in Table 2. It should be noted that the CO + O dissociation rate
coefficient in the Johnston2014 modification of the Park two-temperature model is nearly equal to the QCT
dissociation plus exchange rate coefficient at 8000K. However, it is considerably less than the QCT rate
coefficient at lower temperatures (i.e., it has a significantly steeper slope than the QCT rate coefficients).
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Figure 4. CO + Ar thermal dissociation rate coefficients. Data points from various shock tube
experiments are plotted along with the Park94 [14] recommendation (red line) and QCT data of
Schwenke [65] (black diamonds), computed using the NASA Ames Research Center potential
energy surface. The 2-parameter Arrhenius fit of the QCT data (black dashed line) is also shown.
Experimental data points are Davies [74] (open blue diamonds, purple triangles and green
squares), Appleton [75] (green stars) and Mick and Roth [76] (open brown circles).

Table 2: Parameters for Analytic Representations of CO Dissociation and
Exchange Rate Coefficients

Source A (cm3molect s1) n Txn (K)
CO + Ar

Schwenke2016[65] 2.781 x 105 -0.85 128741.4
Park94[14] 3.819 x 105 -1 129000
Johnston2014[15] 1.99 x 10 -1 129000

CO + O dissociation

Schwenke2016[61] 3.10 x 108 0.0 121484.5
Park94[14] 5.65 x 104 -1 129000
Johnston2014[15] 299 x 103 -1 129000

C0O+0—>C+02

Schwenke2016[65] 1.069 x 10-° 0.0 82528.6
Park94[14] 6.48 x 10-11 -0.18 69200
Johnston2014[15] 6.48 x 10-11 -0.18 69200

CO + 0 — all products
Schwenke20162 9.406 x 109 0.0 99238.4

a. Fitover 8500-15,000 K.
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Figure 5. CO + O thermal dissociation rate coefficients (R5). Park94 [14] recommendation
(red dashed line); Hanson 2-parameter fit [77] (blue line); Appleton data and 2-parameter fit [75]
(green triangles and line, respectively); Johnston2014 [15] (black dashed line) and Schwenke2016
[65] QCT dissociation rate coefficients (black stars). QCT combined dissociation and exchange
rate coefficients, i.e., total CO removal rate coefficients (open black circles).

IV. Validation of New Parameter Sets by CFD Calculations
Flowfield calculations for the Mars science Laboratory (MSL) entry trajectory, which had an entry
speed of 5.85 km/s, have been carried out using the CFD code DPLR [17] to compare the new rate
coefficients for CO dissociation and exchange [65] with the Johnston2014 [15] recommendations. The
Park94 [14] two-temperature thermochemical nonequilibrium model is used with the following 16 species:
CO,, CO, Ny, 0,, NO, C, N, O, CN, C,, C", 0", NO", 0,", CO", and ¢". Reference 15 has a complete set of
rate coefficients for Mars chemistry, in that it is a set of modifications to the Park94 model and uses the

11
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original Park values for the other parameters. For this comparison, the new QCT rate coefficients [65] for
CO dissociation and exchange replace the ones in the Park94 model. These calculations are carried out for
an atmospheric composition of 96% CO, and 4% N, at 57 and 72 seconds elapsed time after initial
atmospheric entry. The conditions along the surface at the centerline are shown in Figure 6. The pressure,
shear, hot wall heat flux and surface temperature are plotted along a line normal to the stagnation line. It can
be seen that there is little difference between the model using the QCT rate coefficients [65] (labeled NEW)
and the Johnston2014 model (labeled OLD). At this entry speed, the temperature behind the shock is fairly
low and there is some residual CO, (0.06 mole fraction) and O, (0.1 mole fraction) present. O, is formed by
reaction of CO, with O (R2). The 57s result shows no discernable difference between the two chemistry
models. Thus, for the MSL trajectory, the details of the nonequilibrium chemistry model do not seem to be
important.

Additional calculations have been carried out for the ground tests run at the CUBRC LENS XX
reflected shock tunnel for pure CO,. These tests are described by Hollis ef al. [78,79] For these tests, the
flow impinged on a 12” diameter model in the shape of a typical aeroshell. Figures 7-10 show the
comparison of the chemistry models for flow enthalpies of 5.9, 14.3, 20 and 43 MJ/kg, respectively. The
surface pressure and cold-wall heat flux are plotted along the model centerline. The Johnston2014 chemistry
model [15] and the Park94 model [14] with the Schwenke [65] QCT rate coefficients are compared. At low
enthalpy there is no discernable difference between the two models and the CFD results are in good
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Figure 6. CFD result near peak heating during the Mars Science Laboratory entry
trajectory (72 s from atmospheric entry). Entry speed was 5.85 km/s. Conditions at the
surface shown along centerline. Clockwise from the lower left are shear pressure, pressure, hot
wall heat flux and surface temperature. Johnston2014 [15] model in red and Schwenke [65]
rate coefficients plus Park94 model [14] in blue.
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agreement with the measured data. However, at higher enthalpies, the CFD results exhibit larger cold-wall
heat fluxes than the measurements and differences between the chemistry models are apparent. Hollis and
Prabhu [78,79] posit that the large between CFD and experimental data may be due to several factors,
including the modeling of surface catalysis in CFD and errors in the characterization of the free-stream test
conditions. These high enthalpy flows are not relevant for Mars entry, which was the focus of the CUBRC
test campaign, but would be important for typical Venus entry conditions [5,6].

CFD simulations using the LAURA Navier-Stokes solver [14] have been performed or
representative EAST test conditions to compare the Park94 [14] model, the Johnston2014 [15] modification
and the QCT rate coefficients [65]. The two-temperature thermochemical nonequilibrium model is applied
to a mixture of 96% CO, and 4% N,, treating the same 16 species as used above for MSL. The flowfield
simulations are coupled to the radiation simulations through the divergence of the radiative flux, which tends
to reduce the peak vibrational-electronic temperature slightly. The HARA nonequilibrium radiation code
[20,80] is applied for the radiation computations. The oscillator strengths and electronic level data presented
by Babou et al [81,82] are applied for the CO 4th Positive, CO IR, and CN Violet band systems. The non-
Boltzmann rate model applied in this work was taken from Johnston and Brandis [15].

The shock tube flow is modeled as the flow along the stagnation line of a 5 m radius sphere. This
sphere results in a shock standoff distance, omitting the boundary layer, large enough to capture the
measurement test lengths. The flow is assumed constant in the direction normal to the shock tube axis,
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Figure 7. Comparison of CFD and test data for the LENS XX shock tunnel test at 5.9
MJ/kg enthalpy with pure CO,. Shock speed is 5.3 km/s and flow temperature is 913 K.
Conditions at the surface shown along centerline. Pressure (left) and cold wall heat flux
(right) are shown. Johnston2014 [15] model in red and Schwenke [65] rate coefficients plus
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Figure 10. Comparison of CFD and test data for the LENS XX shock tunnel test at
43 M]/kg enthalpy with pure CO2. Shock speed is 9.6 km/s and flow temperature is
2326 K. Additional details same as Figure 7.

therefore ignoring any boundary layer effects. Brandis ef al. [83] show that the influence of the boundary
layer on the CO 4th Positive and CN Violet bands is negligible for the presently considered wavelength
range.

Figures 11-14 compare the measured and simulated radiance for a range of free-stream velocities
and densities. For each plot, the horizontal axes are the distance along the stagnation line from the free
stream to the surface of the sphere. Spatial convolution functions are applied to the simulations. Two
spectral ranges are considered for each case. In each figure, the plot labeled (a) is the integrated intensity
from 165- 195 nm which captures the CO 4™ Positive band system, while (b) is the comparable quantity for
340-440 nm range, the extent of the CN Violet band system. On each of these plots, the spectral intensity as
measured in EAST is given along with the results using the three chemistry models described above. Plots
(c) and (d) show the vibrational temperatures and the CO mole fractions from the flow field calculations,
respectively. The rate model identified as “This work™ applies the CO + M and CO + O rates developed in
the present work [61], while retaining the Park et al. [10] rates for the remaining rates. The rate models
identified as “Park et al. (1994)” and “Johnston and Brandis (2014)” apply to references 14 and 15,
respectively. The EAST test conditions are shock speeds of 7.00 and 7.98 km/s at a free stream pressure of
0.1 torr (Fig. 11 and 12, respectively) and 6.43 and 7.82 km/s at a free stream pressure of 0.25 torr (Fig. 13
and 14, respectively). The figures show the data as a function of position an arbitrary reference point in the
free stream. The shock front is at 1.0-1.5 cm and the peak intensity, T, and CO mole fraction is near 2.0 cm.
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At the peak in T,, around 2 cm, the flow is nearly in local thermal equilibrium (T, = T) and by 6 cm it is
approaching thermal equilibrium.

From the figures, one can see that at the slower shock speeds (7 km/s or less) there is little
difference between the temperature and CO mole fraction profiles. At higher shock speeds the temperature is
higher than 8000 K and the Johnston2014 model results have lower CO mole fraction than does the modified
Park model with the QCT rates for CO + O. In general, the results show that the newer models agree better
with the EAST spectral data for CO and CN than does the Park94 model. The rate coefficients in the
Johnston model were tuned to optimize that agreement. In contrast, the QCT rate coefficients were not
subject to any empirical adjustment. A final assessment of the QCT-based model will be made after
completion of rate coefficient calculations for the other important reactions (i.e., CO + CO dissociation and
CO + N exchange). It should be noted that the differences between the measured and simulated spectral
intensities could be due to other factors besides the reaction rate coefficients, including escape factor
modeling and the model used to determine the population of electronically excited species.

V. Summary and Conclusions

This paper represents a summary of results to date of the on-going research effort to develop a physics-based
non-equilibrium model for hypersonic entry into the Martian atmosphere as part of the Entry Systems
Modeling program in the NASA Space Technology Mission Directorate. The overarching objective is to
reduce the model uncertainty in predictions of the convective and radiative heat load experienced by
spacecraft during high-speed atmospheric entry. For this approach, we compute potential energy surfaces
based on accurate solutions of the electronic Schrédinger equation and reaction cross sections and rate
coefficients based on these potentials using quasiclassical trajectory calculations. We have presented new
rate coefficients for N, dissociation and CO dissociation and exchange. These results illustrate problems and
inconsistencies with some of the rate coefficients in the original T-T, model for Mars entries [14] and with
some of the original shock tube data. It is argued that the shock tube experiments of CO + O dissociation did
not adequately account for the exchange reaction (R8) that leads to formation of C + O,. This reaction is the
primary channel for CO removal in the shock layer at temperatures below 10,000 K, because the reaction
enthalpy for exchange is considerably lower than the comparable value for dissociation. Also, as a result of
the present study, the need to compute rate coefficients for CO + CO collisions and the other exchange
reactions involving CO + N is apparent. These reactions are currently under study at NASA Ames Research
Center.

Comparison of the new rate coefficients with earlier work by Park [14] and Johnston [15] show the
effect of the CO removal rate coefficients on reducing the radiative heat flux for Mars entries, and thusly
improving agreement between CFD simulations and EAST measurements. However, the effect on
convective heating for Mars entries is minimal. It does appear that the effect is significant at higher enthalpic
conditions, as would be experienced during Venus entries.
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Figure 11. Comparison of simulated and measured EAST experiments at 7.00 km/s shock speed and
0.1 Torr free stream pressure. Data shown for free stream to near equilibration after the shock. Black line
are EAST measurements, red line is Park94 model [10] simulation, green line is Johnston2014 [11]
simulation and blue line is Park94 model with QCT [61] rate coefficients for CO + O dissociation and exchange
reactions.
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Figure 12. Comparison of simulated and measured EAST experiments at 7.98 km/s and 0.1 Torr. Details are
the same as in Figure 11.
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Figure 13. Comparison of simulated and measured EAST experiments at 6.43 km/s and 0.25 Torr. Details
are the same as in Figure 11.
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