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Abstract 

Predictive simulations of the shock-heated, high-temperature environment that surrounds a hypersonic 
vehicle during flight is an important aspect of advancing hypersonic vehicle technology. It is not possible 
to reproduce flight conditions in ground-testing facilities and flight-testing is expensive. As a result, 
advanced aerodynamic and chemical kinetics modeling, combined with high performance computing, 
plays a critical role in advancing hypersonic flight science. Considerable recent effort has been devoted 
to understanding and modeling internal energy relaxation and dissociation in hypersonic flows using 
first-principles calculations. In the past ten years, 23 potential energy surfaces (PESs) that govern the 
collision dynamics of relevant air species (N2, N, O2, O, and NO) in the ground electronic state have 
been developed and used to simulate dissociating nitrogen and oxygen gas. These simulations have 
predicted the precise coupling between gas internal energy and chemical reactions including non-
Boltzmann effects. Recent experimental measurements are now able to validate these non-Boltzmann 
coupling predictions for the first time. 
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1. Introduction 
1.1. Thermochemical nonequilibrium in hypersonic flow 
An object travelling at hypersonic speed through an atmosphere generates a strong shock wave that 
creates a thin region of high temperature gas surrounding vehicle surfaces. Understanding and 
predicting the extreme gas state in this thin ‘shock-layer’ region is important for thermal protection 
system (TPS) material selection and for predicting the material’s response and possible failure. Due to 
the high flow speed, the shock-layer gas is often in a state of thermal nonequilibrium (where energy is 
not equally partitioned across translational, rotational, vibrational, and possibly electronic, energy 
modes) and is also in a state of chemical nonequilibrium. It is well established that the internal energy 
state of the gas and the rate of chemical reactions are strongly coupled [1,2]. For this reason, two-
temperature models are used in computational fluid dynamics (CFD) simulations of hypersonic flow. 
For example, the most widely used model is the Park model [3] and a range of alternative multi-
temperature models have been proposed, such as the Marrone Treanor model [4] and a recent modified 
version that is based on new first-principles quantum chemistry data, called the MMT model [5,6].  
Such two-temperature models solve the compressible Navier-Stokes equations (mass, momentum, and 
energy transport equations with source terms for finite-rate chemistry species production/removal) and 
also solve an additional transport equation for the average vibrational energy of the gas. This enables 
prediction of thermal nonequilibrium between the translational/rotational modes and the vibrational 
mode, and therefore enables explicit coupling between the vibrational energy of the gas and chemical 
reaction rates. A primary effect is that the gas must first excite vibrationally before significant 
dissociation occurs [7]. Therefore, the characteristic relaxation time for the vibrational energy mode 
becomes an important parameter that influences the amount of dissociation that occurs in the thin 
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shock layer. It is well established that such two-temperature models more accurately capture the 
dissociation process behind strong shocks compared to models that assume thermal equilibrium and 
no internal energy coupling with chemistry. 

 
Fig 1. Direct molecular simulation (DMS) of a 4.4 km/s normal shock wave in oxygen. Simulation 

results were initially presented in Ref. [8]. 
An example simulation (using the Direct Molecular Simulation method described in section 1.3) of a 4.4 
km/s normal shock wave in oxygen gas is shown in Fig. 1 [8]. Across the shock wave, first the 
translational temperature rapidly rises, followed quickly by the rotational temperature. The translational 
and rotational modes equilibrate with each other while the vibrational temperature increases at a slower 
rate, eventually equilibrating with the other modes. A key result, seen in Fig. 1, is that significant 
dissociation does not begin during the translational temperature spike, rather dissociation begins only 
after the vibrational temperature begins to excite. Due to the small length-scales involved, most 
experimental measurements are taken in the post-shock region where the gas appears to be close to 
thermal equilibrium yet continues to dissociate. This is called the Quasi-Steady-State (QSS) dissociating 
region (approximately x > 2 mm in Fig. 1). 
1.2. Nonequilibrium (non-Boltzmann) internal energy distributions 
Two-temperature models track the average vibrational energy of the gas. Under equilibrium conditions, 
only the average energy is required to define the equilibrium (Boltzmann) distribution of internal energy 
levels of molecules in the gas. However, under thermochemical nonequilibrium conditions the 
vibrational energy distribution may be non-Boltzmann. Since molecules in the upper vibrational energy 
states are exponentially more likely to dissociate, then the precise population distribution (any 
differences compared to a Boltzmann distribution) could lead to important macroscopic effects.  
Multi-temperature models do not explicitly account for non-Boltzmann distributions. For this reason 
there has been extensive research to understand the full rotational-vibrational excitation process, 
including non-Boltzmann energy distributions, and their effects on chemical reactions [9-20]. Many of 
these studies involve first-principles calculations that have predicted the evolution of non-Boltzmann 
distributions in shock-heated gases. Master equation and state-to-state methods, that compute the 
evolution of all quantized rovibrational levels, have been used to study gas systems involving only atom-
diatom processes (such as N-N2 and O-O2 collisions). However, these methods become intractable for 
gas systems that also involve diatom-diatom processes (such as N2-N2, O2-O2, and N2-O2 collisions) 
because there are far too many quantized rovibrational state transitions (approximately 1015 possible 
energy transitions for N2-N2 collisions). As a result, grouping or binning models must be employed. 
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Different modeling choices lead to different predictions, and such model development is currently an 
active area of research. 
1.3. Direct Molecular Simulation (DMS) and Validation Challenges 
For this reason, the Direct Molecular Simulation (DMS) method was developed [21,22], for which the 
sole model input is a set of potential energy surfaces (PESs) that dictate the forces between atoms 
(similar to molecular dynamics). The method was originally proposed by Koura [23], and was called 
Classical Trajectory Calculation – Direct simulation Monte Carlo (CTC-DSMC). The method has been 
extended to incorporate ab-initio potential energy surfaces (PESs), accommodate all manner of 
rovibrational relaxation processes, exchange reactions, and dissociation reactions, and can now 
accommodate large sets of PESs to simulate multispecies mixtures. Complete details of the method can 
be found in Ref. [22]. The DMS method maintains the accurate model assumptions of the DSMC method 
(free flight of particles for a fraction of the mean-collision-time, randomized impact parameters for 
collisions, and simulating only a fraction of real particles is required), but the method replaces stochastic 
DSMC collision models with classical trajectory calculations using a PES. The DMS method can also be 
viewed as an acceleration technique for molecular dynamics simulation of dilute gases. The DMS 
method has been used to simulate thermochemical nonequilibrium for air-relevant species under 
isothermal conditions [9,10,15,16], adiabatic conditions [13,17], 1D shock wave flows [8], and even 
2D and 3D flows on large computer clusters [24]. The most recent results involve simulating dissociating 
5-species air mixtures [25] in the ground-electronic state using 23 PESs developed in the Chemistry 
department at the University of Minnesota (PES subroutines are freely available on the POTLIB website 
[26]). Such DMS simulations (an example was shown in Fig. 1) predict the evolution of non-Boltzmann 
internal energy distributions where all energy transitions and chemical reactions resulting from the PESs 
are possible, with no binning/grouping models required. 
DMS studies have quantified non-Boltzmann effects and their coupling to chemical reactions. The 
problem is, to date, there have been no experimental measurements with sufficient accuracy to validate 
these non-Boltzmann predictions. Even the best optical diagnostics can only measure vibrational states 
up to, approximately, the tenth quantum level in relevant high enthalpy flows. The population of higher 
levels generated in hypersonic flow facilities is simply too low to obtain sufficient signal. Due to the 
exponential coupling between vibrational energy and dissociation, it is the highest vibrational levels 
(even with low populations) that have a noticeable effect on the dissociation process.  
Recently, a new set of experiments for O+O2 and O2+O2 dissociation rates were performed at Stanford 
university [27], where measurement uncertainty was much lower than for previous measurements 
reported in the literature. The experiments show that O+O2 dissociation is approximately three times 
faster than O2+O2 dissociation. In this paper, we propose that these measurements provide the first 
experimental validation that DMS predictions of non-Boltzmann distributions are correct. Specifically, 
we show that this factor of three difference in measured rates is due to non-Boltzmann effects that 
strongly depend on the amount of atomic oxygen present. 

2. DMS predictions compared to experimental measurement 
2.1. Dissociation rates 
Experiments performed in the shock-tube facility at Stanford university used absorption spectroscopy 
to infer dissociation rates in oxygen at various gas temperatures behind strong shock waves [27]. 
Similar experiments have been reported in the literature, however, the measurement uncertainty was 
too large to quantify differences between dissociation in O+O2 systems compared to O2+O2 systems 
[28]. While the Stanford study compared the new measured data to a variety of CFD models, it did not 
compare to the DMS predictions published several years earlier. The purpose of this section is to 
compare the DMS predictions with this new, low-uncertainty, experimental data. 
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Fig 2. Experimental data for oxygen dissociation rates over a wide range of temperatures [27], 

compared with prior predictions from QCT [29] and DMS [16] calculations. (a) QCT and DMS 
including the 16/3 factor for electronic excitation, (b) Raw QCT and DMS results 

corresponding to ground electronic state interactions. 
In Fig. 2, the Stanford experimental results are re-plotted (from Ref. 27) and compared to first-
principles calculations using Quasi-Classical-Trajectory (QCT) analysis and DMS calculations, where 
both methods rely solely on the twelve required oxygen PESs developed by in the Department of 
Chemistry at the University of Minnesota [30-32]. The QCT and DMS results were published in 2018-
2019 [29,16]; several years before the experiments. The first clear trend is that the QCT results show 
almost identical reaction rates for O+O2 and O2+O2 collisions. In contrast, both the experimental data 
and DMS results show a consistent factor of 3 difference across a wide temperature range. Importantly, 
both QCT and DMS methods used the same PESs, the same trajectory integration source code, and the 
same post-processing source code. The only difference is that the QCT analysis sampled pre-collision 
internal energies from Boltzmann distributions at the specified temperature (hence labelled as “QCT-
Equilibrium” in Fig. 2), whereas DMS simulations have no such restriction on the energy distribution 
functions, which evolve naturally during the simulation of a rapidly heated gas. The difference in 
dissociation rates is therefore due to non-Boltzmann effects, and indeed, the underlying vibrational 
energy distribution of O2 particles in a DMS simulation containing mainly molecular oxygen differs 
noticeably from the distribution when significant atomic oxygen is present. This is explained in section 
2.2. 
An important caveat, is that the QCT and DMS dissociation rates shown in Fig. 2a have been multiplied 
by a constant factor of 16/3. The raw QCT and DMS results, without the factor, are shown in Fig. 1b. 
The reason results are plotted with and without this factor is to include upper and lower limits of the 
computed reaction rates due to electronically excited states of molecular oxygen that may be present 
in the experiments. Molecular oxygen has several excited electronic states that lie below the dissociation 
energy. If all of these electronic energy levels are fully populated in a QSS dissociating gas at 
temperature T, then the actual rate of dissociation could be higher than predicted by DMS simulations 
that include only ground electronic state molecules at the same T. As explained in detail in Ref. [16], 
the factor 16/3 results from summing the degeneracies of these electronic states and dividing by the 
degeneracy of the ground state as proposed by Nikitin [33]. By comparing Figs. 2a and 2b, the 
experimental data is best predicted by DMS results that include the full electronic excitation factor, 
which seems to indicate that these electronic states are populated under these conditions. However, 
this is not a rigorous conclusion and the magnitude of oxygen reaction rates could certainly vary 
between these two limits due to partial electronic excitation of O2. However, the difference between 
reaction rates seen in the experiments (the factor of 3) is rigorously predicted by DMS simulations and 
is a result of non-Boltzmann vibrational energy distribution effects, as further described in the next 
section. 
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2.2. Non-Boltzmann Vibrational Energy Distributions 
The vibrational energy distribution functions during the QSS reaction portion of isothermal DMS 
simulations are shown in Fig. 3a and 3b for heat bath temperatures of 6000 K and 10,000 K. These 
DMS simulations, and energy distributions, correspond to the same simulations where the dissociation 
rates were extracted and plotted in Fig. 2, and these results were previously reported in Ref. [16], and 
are only summarized here. 

       
Fig. 3 Vibrational energy distributions in QSS predicted by DMS for isothermal heat baths at 6000 

K and 10,000 K. Figure originally presented in Ref. [16]. 
As seen in Figs. 3a and 3b, the vibrational energy distribution during QSS for a DMS simulation where 
only O2-O2 collisions (O atoms are removed if they are created by dissociation) exhibits significant 
depletion of high energy states compared to the corresponding Boltzmann distribution at 6000 K. Since 
high energy molecules are exponentially more likely to dissociate, the lower population of high energy 
states results in a lower dissociation rate compared to that computed assuming a Boltzmann distribution 
(approximately 3 times lower as seen in Fig. 2). The degree of depletion is a competition between 
dissociation removing high vibrational energy states and inelastic collisions repopulating the high energy 
states. As quantified in Ref. [15], when O atoms are present, exchange collisions (OaOb + Oc à OaOc 
+ Ob) are highly probable. Such exchange collisions result in large, multi-quantum, changes in 
vibrational energy and therefore fast vibrational energy relaxation. As shown in Fig. 4 (taken from Ref. 
[16]) the vibrational relaxation time constant quantified by DMS simulations for a gas system involving 
only O2-O2 collisions is approximately 10 times higher (therefore slower relaxation) than for a gas 
system involving O-O2 collisions. This trend is supported by limited experimental data also shown in 
Fig. 4. The QSS vibrational energy distribution predicted by DMS for a gas system involving O-O2 
collisions, shown in Figs. 3a and 3b show significantly less depletion compared to that found in the O2-
O2 system. DMS calculations confirm this is a direct result of exchange collisions that rapidly repopulate 
the upper vibrational energy levels. This leads to a higher dissociation rate for the O-O2 system 
compared to the O2+O2 system, yet still a lower dissociation rate than predicted assuming a Boltzmann 
distribution. 
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Fig. 4 Vibrational relaxation time constants (t) predicted by DMS calculations for a range of 

temperature compared to time constants inferred from experiments. Figure originally 
presented in Ref. [16]. 

The concept of QSS depleted internal energy distributions is well established (for example refer to 
chapter 3 in Ref. [1]) and many studies have investigated QSS distribution functions and reaction rates 
[9-20]. However, as explained in the introduction, the DMS method is the only method capable of 
predicting rovibrational excitation and dissociation for both atom-diatom and diatom-diatom collisions 
without grouping or binning models. The DMS results in Figs. 2-4 are the only first-principles calculations 
that quantify and fully explain the factor of 3 difference in dissociation rates and have now been 
validated with low-uncertainty shock tube experiments (Fig. 2). 
The same trends for internal energy coupling to chemistry were originally quantified by DMS for nitrogen 
flows [10]. However, experimental data with low quantified uncertainty are not available for nitrogen 
flows for validation these DMS results. As found for both nitrogen and oxygen systems, the difference 
in dissociation rates assuming Boltzmann distributions compared to the true QSS distributions from 
DMS (the “depletion factor”) remains essentially constant across a wide temperature range, even at 
low temperatures where depletion is minimal. As detailed in Refs. [10] and [16], this is due to the fact 
that at low temperatures only molecules in the upper vibrational energy levels are able to dissociate 
and so even minimal depletion in their population results in a significant reduction in dissociation rate. 
Despite tight coupling between internal energy and dissociation chemistry, the resulting near-constant 
depletion factor is a fortunate result for modeling efforts. 
2.3. Consistent QSS distributions for isothermal, adiabatic, and shock wave simulations 
The results displayed in Figs. 2-4 were obtained by simulating isothermal heat bath conditions where 
the translational temperature was held constant by resampling the center-of-mass velocity of all 
particles after each timestep, while allowing particles’ internal energies to evolve. After the gas system 
reaches a QSS dissociating phase, the distribution functions are sampled and reaction rates are 
extracted. While isothermal simulations are useful, it is possible that the internal energy and chemistry 
coupling effects observed are different than what occurs behind an actual shock wave.  
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Fig. 5 Temperature and mole fraction histories for an adiabatic heat bath DMS simulation 

and the QSS vibrational energy distribution function. Figure originally presented in Ref. [16]. 
For this reason, DMS studies have been performed for adiabatic heat baths [13,16,17] and for normal 
shock wave simulations [8]. Figure 5 shows example DMS results (taken from Ref. [16]) for an adiabatic 
heat bath, where the initial translational temperature is high and initial rotational and vibrational 
temperatures are low, representative of conditions at just behind a strong shock-front. Such adiabatic 
simulations are more representative of post-shock conditions (compare with Fig. 1 for example). The 
translational, rotational, and vibrational energy modes relax towards each other while the gas 
dissociates. As indicated in Fig. 5a, the vibrational energy distribution function and dissociation rates 
are sampled during a specific QSS interval where the temperature is approximately 6000 K and the 
results are shown in Fig. 5b. As evident in Fig. 5b (and detailed in Ref. [16]), the depleted QSS 
vibrational energy distribution under adiabatic conditions is identical to the distribution under isothermal 
conditions at the same temperature. A further DMS study sampled vibrational energy distribution 
functions and dissociation probability density functions (pdfs) using normal shock simulations [8] (for 
example refer to Fig. 1). The vibrational energy distributions and dissociation pdfs sampled in the QSS 
region behind normal shocks were also found to agree with the results from adiabatic and isothermal 
calculations. Therefore, DMS calculations have convincingly shown that depleted vibrational energy 
populations are expected to persist in the post-shock QSS region; precisely where experimental 
measurements are most often made. Therefore, simulations (such as DMS) that resolve the underlying 
non-Boltzmann energy distributions and their coupling to dissociation better predict the difference in 
dissociation rates between O2-O2 and O-O2 systems, compared to assuming Boltzmann energy 
distributions (the QCT-Equilibrium results), as shown in Fig. 2.  
A model for non-Boltzmann internal energy distribution functions that includes both overpopulation and 
depletion effects has been developed by Singh and Schwartzentruber [34-36] using surprisal analysis 
combined with DMS results. The model has even been extended to include repopulation of high internal 
energy states due to recombination [36]. Given the local gas state including average internal energy 
content (T, Tr, and Tv) an analytical expression is able to capture the non-Boltzmann aspects of internal 
energy distributions during rapid excitation and QSS phases and limits to the Boltzmann distribution for 
chemical equilibrium. This model has been incorporated into a new multi-temperature model that now 
explicitly accounts for non-Boltzmann effects [37,38]. Additionally, the model for non-Boltzmann 
internal energy distributions [36] may be useful as a post-processing tool for CFD solutions, where it 
provides an estimate of the energy populations at each point in the flowfield (given the local T, Tr, and 
Tv). This information could be useful for researchers studying radiative emission in high-speed flows. 
Finally, it is also possible that for dissociating 5-species air that Zeldovich exchange reactions (for 
example N2+O ↔ NO+N and O2+N ↔ NO+O act to rapidly relax vibrational energy of the molecular 
species that could result in minimal depletion effects (near-Boltzmann energy distributions). However, 
recent DMS calculations have been performed for 5-species air and results show depleted vibrational 
energy distributions for each diatomic species (O2, N2, and NO) in the mixture [25]. DMS and QCT 
studies for 5-species air are ongoing and will provide a full picture of rovibrational excitation and 
dissociation for high-speed air flow. 
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4. Conclusions 
Reaction rate coefficients, inferred from recent shock tube experiments with low measurement 
uncertainty, are directly compared to predictions from first-principles simulations that were published 
several years before the experiments. Both the experimental data and the first-principles simulations 
indicate that oxygen dissociation proceeds approximately three times faster when significant oxygen 
atoms are present (mainly O-O2 collisions), compared to a gas comprised mainly of molecular oxygen 
(where O2-O2 collisions dominate).  
 
Specifically, prior direct molecular simulation (DMS) calculations [16] of dissociating gas mixtures are 
summarized that included both atom-diatom and diatom-diatom collision dynamics. It was found that 
O2 dissociation occurs three times faster in the presence of significant atomic oxygen (O), compared to 
O2 dissociation in a gas comprised mainly of O2. DMS and QCT calculations clearly show that this 
difference is not because O atoms are more efficient at dissociating an O2 molecule compared to 
dissociation via O2+O2 collisions, on a per-collision basis. Rather, DMS calculations show this is an 
indirect result of rapid vibrational energy excitation (approximately ten times higher) promoted by O+O2 
exchange collisions, which increase the population of upper vibrational states of O2 molecules in the 
gas leading to faster dissociation [16]. Similar DMS predictions of non-Boltzmann vibrational energy 
populations and coupling to dissociation were made for nitrogen mixtures [10].  
 
Although the analysis is for oxygen in the ground electronic state, non-Boltzmann rovibrational energy 
distributions and coupling to dissociation appears to fully account for the difference in reaction rates 
observed experimentally. Further effort is required to understand what effect electronic energy 
excitation has on this trend in dissociation rates (if any). Currently PESs are being constructed including 
electronically excited states of oxygen and the couplings between surfaces using deep neural network 
methos methods [39]. 
 
In summary, the new experimental measurements are remarkably consistent with the prior DMS 
predictions and, for the first time, validate predictions of non-Boltzmann internal energy populations 
behind strong shock waves and their coupling to dissociation.  
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