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Abstract. The vibration-specific State-to-State approach is employed to described vibrational relaxation and reactive processes in
shock-heated air. The gas mixture consists of the five chemical species N,, O,, NO, N and O. Making use of two different sets of
quasi-classical trajectory calculations for the Zeldovich exchange reactions of NO formation on theoretically calculated potential
energy surfaces, the thermal and chemical kinetics of NO is discussed in detail. Then the emission spectra are determined and
compared to shock tube measurements.

INTRODUCTION

During the re-entry of a spacecraft into a planetary atmosphere, the relative stream velocity is so high that a bow shock
is created in front of the vehicle. After the strong shock wave, in the relaxing flow, a massive amount of the free stream
kinetic energy is converted through inelastic collisions, into internal energy of the surrounding gases, which results
in intense convective and radiative heating over the spacecraft structure. Inter-particle collisions promote energy ex-
changes among the internal modes of atoms and molecules, and produce chemical reactions including dissociation and
ionization. Since the time scale of energy exchange processes for internal levels and the chemical time scale is compa-
rable with the aerodynamics one, the flow behind the shock is in thermal and chemical nonequilibrium. Understanding
such nonequilibrium processes in shock-heated flows is a key issue for the design of the spacecraft. Although progress
has been achieved during the last decades, modeling of thermo-chemically nonequilibrium flows is still a challenging
problem in both academia and industry.

The state of the gas, i.e. the concentration of the gas species and their internal energy (rotational, vibrational
and electronic) level populations can be estimated by either multi-temperature (MT) models [1] or state-to-state (StS)
approaches [2]. The MT models make the assumption that each energy mode is characterized by its own temperature,
which is determined by solving an individual energy conservation equation. These models rely on the common as-
sumption that the relaxation of the internal energy modes occurs through a series of Boltzmann distributions at their
respective temperatures. However, in many flow conditions, the populations deviate from Boltzmann distributions
[1]. Conversely, the StS approaches treat each molecule with different internal state as a separate pseudo-species, for
which a continuity equation is solved. Without adopting any quasi-stationary distribution over the internal energy
modes, these approaches allow representing arbitrary nonequilibrium situations.

The StS approaches however, require a large number of reaction rate constants corresponding to the different
physico-chemical processes. The most advanced models take into account the full set of rotational, vibrational and
electronic transitions, as well as radiative processes for atomic and molecular species [3, 4, 5]. Due to the lack of
knowledge of all the required reaction rates, these models were restricted to pure nitrogen or pure oxygen flows. In
this study, the nonequilibrium relaxation in shock-heated air is simulated with a StS approach, since the vibrational
state-specific rate coefficients from ab initio methods are becoming available to describe vibrational relaxation and
reactive processes in N,-O, mixtures. Particularly sensitive is the population of NO whose formation is governed
by a strong coupling between chemical and vibrational kinetics. NO being a strong radiator, accurate prediction of
the NO formation dynamics is crucial to the correct understanding of the flow radiation signature. Making use of
recent quasi-classical trajectory (QCT) results for the Zeldovich exchange reactions of NO formation on theoretically
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calculated potential energy surfaces (PES), the thermal and chemical kinetics of NO is discussed in detail. Then, the
radiative signature is determined on the basis of the spectroscopic database HTGR [6] tabulating exhaustive radiative
properties validated at high temperature for NO and N, radiative systems. Simulated spectra are compared to shock
tube measurements performed in Moscow [7] in conditions representative of Earth re-entries (u ~ 4 — 8 km/s).

MODELLING

In the present work, we consider an air gas mixture consisting of the five chemical species N,, O,, NO, N and O.
For the shock conditions of interest, the ionization degree is expected to be small and the focus is on the coupling
of vibrational and chemical kinetics. Thereby, ionization is neglected and all the species are assumed to be on the
ground electronic state. A vibrational state-specific description is adopted for the molecular species N,, O, and NO.
Vibrational levels are obtained from a RKR analysis on the low energy part of spectroscopically determined potential
energy curves and the extrapolation to the dissociation limit[8]. This gives a total of 61 bound levels for N,, 46 for O,
and 48 for NO. Rotational mode is assumed in equilibrium at the gas temperature 7'. In the following paragraphs, the
physical model applied for the simulation of shock tube flows is presented.

Governing Equations

In the frame of reference moving with the shock, the flow is conveniently described by the stationary 1D Euler
equations for the n = 157 chemical species:

0y (pu) =0 (H
O (puyy) = @, v="0.k keH 2)
Ay (o’ +p) =0 3)

2
Oy [pu (h + ?) =0 @
with H = {N,, OZ,NO, N, O}. p, u, p and h are the density, velocity, total pressure and specific enthalpy of the gas
mixture, respectively. y, and @, are the mass fraction and source term of the molecular species k with vibration level
v. vk is the maximum vibrational quantum number for species k and V€ = 0 for atoms. Then, the species mass

max max

fractions and related chemical source terms are obtained by summing over all vibrational levels, i.e. y, = Z‘v‘“ag Vs

Wy = ZV‘“‘g ;. The conservation equations are completed by closure relations obtained from the ideal gas assumption

and then solved by the ODEPACK library [9].

Vibration-Chemical Kinetic Mechanism and the Reaction Rates

Three categories of physico-chemical processes are included in this work: 1) vibration-translation (VT) energy ex-
change: AB(v) + M = AB(w) + M; 2) dissociation- recomblnatlon (DR): AB(v) + M = A + B + M, 3) Zeldovich
exchange (ZE): AB(v) + C = AC(w) + B. Denoting by s " and sk the reactant and product stoichiometric coefficients
of species k in reaction i, the state-specific chemical source term wk!V is expressed as:

Wy = My (s = sk) [k [ [ Vet =& - | [V )
k=1

k=1

where [-] denotes molar density. kj‘. and ki are respectively the forward and backward reaction rate constants. They

satisfy the detailed balance condition kl =k / oq being the equilibrium constant. Then the chemical source term

eq’
Wk 18 the sum of the source a)k over all the processes Wry = D wk b

Values for the state-specific rates are obtained, where available, from quasi-classical trajectory (QCT) calcu-
lations on ab inito potential energy surfaces. Alternatively, rate coefficients are calculated from the semi-analytical
Forced Harmonic Oscillator (FHO) model. For the remaining processes, where none of the above is available, the

classical models of Landau-Teller (LT) relaxation (for VT) and Park’s two temperature model (for DR) are used.
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Table 1. Vibration-chemical kinetic mechanism

Reaction Model Reaction Model
N,(v) + N, == N,(w) + N, FHO N,(v) + N==3N QCT
N,(v) + O, = N,(w) + O, FHO N,(W+O0O=2N+0 QCT
N,(») + N = N,(w) + N QCT N,(v) + NO == 2N + NO Park
N,W+M=—=N,(v)+ M
M € [NO, O} LT O,(v)+N, =20+N, FHO
O,(v) +N, == O,(w) + N, FHO 0, +0,=—=20+0, FHO
O,(v) +0, = 0,(w) + O, FHO O, +0 =30 QCT
O, +0=0,w)+0 QCT O, +N==20+N QCT

0, +A14”€*{§6%}(V) M LT 0,(") +NO ==20+NO  Park
NO(M) +N, == NOw)+N, FHO NOM+N,==N+0+N, FHO
NO() + 0, == NO(w)+0, FHO NO1)+0,==N+0+0, FHO

NOW)+ M ==NOW+M . NOW+M==N+O+M
M € {NO,N, O} M € {NO,N, O}

N, +N, ==2N+N,  FHO N,W+0==NOw)+N  QCT

N,(»)+0,==2N+0, FHO  0,»)+N==NOw)+0  QCT

Table 1 summarizes the state-specific reactions used in this work and the methods used to calculate the reaction rate
constants.

State-Specific Rates From Classical Models

The LT model assumes vibrational energy relaxes as a consequence of VT energy transfer collisions as:

A eq(T) €AB,vib

Q;k/T = PAB (6)

TAB-M
where eéif; eq(T) is the specific vibrational energy in equilibrium at temperature 7'; T4p_y/ is the relaxation time and is
modelled from the Millikan-White’s formula [10]. In a StS framework, this behaviour is recovered by choosing the
state-specific rates as:

o 1 yXB) 1
kl—)% — .| AL . , kv—»W — kW—)V (7)
f Na[M] ()’AB oq TAB-M b f

where N4 is Avogadro’s number and (“{) is the equilibrium population. Backward rates are calculated from the
eq

detailed balance condition, with k, ™" = exp (— Az TAB)

Next, the Park’s two temperature model [1] for a dissociation/recombination reaction, AB+ M = A+ B+ M,
assumes the rate coefficients can be expressed by modified Arrhenius functions:

Ky(Tp)
Keq(Th)

where the constants «, B, y are adjusted to reproduce experimental determinations of Ky and Keq. T and T} are the

Ki(Tp)=a T} exp (—Tlf) . Ky(Ty) = ®)

effective temperatures for the direct and inverse reactions, respectively and are chosen as Ty = /T - TX‘;, T, =T.

The energy-representative vibrational temperature Txi}; is the temperature for which a Boltzmann distribution would
give the same vibrational energy as the non-equilibrium distribution. Then, the chemical and vibrational energy source
terms are obtained by:

W) = ~MasNa (K [ABIIM] = Ky[Al[BI[M)) ©)

Qpr = —MapNa (Kf[AB][M] (Ea)ap — Kp[AI[B][M] <EV>AB) (10)
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where (Eq)ap, (Er)ap are the average vibrational energy lost/gained in dissociation/recombination. In practice, it is
usually set (E;) = (E,) = evin(TV10) by assuming the reaction has a non-preferential character. In a StS approach, the
above behaviour is reproduced by choosing:

kj = K¢(Ty), (1D

Sz exp(~elp/ksT )
exp (—EXB/kBTXiI?)

ky kiy = Keg(T) (12)

v
_ K
kgq’

State-Specific Rates From FHO or QCT Calculations

The rates for vibrational excitation and dissociation in diatom-diatom collisions are taken from the STELLAR
Database [11]; it collects results from the work of Lino da Silva et al., who applied the FHO model [12] to the
production of a multiquantum datasets of VT and DR rates [13] in a wide temperature range. The excitation and dis-
sociation rates for N,-N and O,-O systems are from the work of Esposito et al. based on the QCT approach [14, 15].
For the two Zeldovich exchange reactions, we use two alternative datasets: one from Bose and Candler [16, 17] and
one from the very recent work by Esposito [18]. The dissociation rates in N,-O and O,-N collisions are also from this
recent work. Note that all datasets have been adapted to the vibrational levels specified above by a linear fitting on the
vibrational energy. In addition, a unique set of equilibrium constants [7] is employed throughout.

Radiative Signature Modelling

In the following we present the approach adopted to rebuild the radiative signature measured in the frame of shock
tube experiments. We restrict our interest to the case 8.06 km/s for which the radiative signature is documented in the
UV spectral range in absolute units. The radiative signature is computed by means of the high resolution spectroscopic
databases HTGR [6]. The electronic systems of radiative transitions that have been considered for the computation are
N, Second-Positive (C°II, — BIl,), O, Schumann-Runge (B*E; — X°%;) and NO y (A’Z* - X°I1,), B (BI1, — X°I1,,
§ (C°T1, — X°T1,) and 10000 Angstrom (D*L* — A2X™).

For a radiative transition between an upper energy level u and a lower energy level /, the associated emission and
absorption coeflicients, respectively 7, and k., are calculated as:

A,
No = Z l/lu4—ﬂ_thO'u1f(O' —Ow), Ky = ;(HIBIM - nuBul)hO_ulf(o- —ow) (] 3)

ul

where n,, resp. n; is the population of the upper level, resp. the lower level, A,;, B,; and B, are the Einstein coefficients
respectively for emission, induced emission and absorption processes, o, is the wavenumber of the transition, 4 is
the Planck constant, ¢ is the light velocity and f(o — o) is the line profile shape approximated by a Doppler profile
to account for the thermal broadening.

For well defined energy level of a diatomic molecule (n, v, J), characterized by the electronic state n and the
vibrational, resp. rotational, quantum number v, resp. J, the different contribution to the energy is separated as follows:

Em,v,J) = Eq(n) + E\jp(n,v) + Erpi(n, J) + Eiprer(n, v, J) (14)

where E,;, E,;(n, v) and E,(n, J) are respectively the pure electronic, vibrational and rotational term and E;.,(n, v, J)
is the vibrational-rotational interaction term (in practice much smaller than the other the terms). In the frame of the
two temperatures assumption, the population of a given energy level is written as :

15)

_ 8nvJ Eel(n) + Evib(n’ V)) ( Erol(n’ J) + Einter(n’ v, J)
Ny =N xp|— exp|—

€
Q(Tve’ Tmt) P kB Tve kB Tmt

where Q(T ., T,,,) is the two temperatures partition function, N is the total population of the considered molecule and
gmvs 18 the degeneracy of the level (n,v, J). Population density N and temperatures 7T,, and T,,, are taken from the
previous sections.

In measurements, the intensity emitted by the flow in direction perpendicular to the its axis was collected by
means of Optical Emission Spectroscopy technique corresponding to the local emission integrated first along the flow
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diameter and then along the axis. Uniform properties are assumed in the radial direction. The so-called collected
intensity is therefore calculated as:

1= o [ o 1,0 = 2500 - ey (16)

Ax Ax K(r(x)
where I,(x) is the intensity for a given location x. The shock diameter D is assumed to be equal to the shock-tube
test section diameter 5 cm and 77,(x) and «,(x) are the emission and absorption coefficients at the location x (along the
flow axis). Ax = Vgoek X taq 1 the length of the flow axial extent, and ¢,,; = 6 us refers to the effective duration of the
radiation when passing through the measurement test section. Finally, for proper comparisons with measured spectra,
the collected intensity is convoluted with a normalized Gaussian function of 2 nm width to account for the apparatus
function broadening.

RESULTS AND DISCUSSIONS

We consider a shock wave propagating at ¥ = 8.06km/s in a mixture of N, and O, (80%/20% molar fraction
composition) at 71 = 298K, po = 0.25 Torr. The conditions just behind the shock are obtained assuming frozen
chemistry and vibrational kinetics. The detailed State-to-State approach is used to solve for the evolution of the flow
behind the shock wave. We employed two different models of state-specific rates for the Zeldovich exchange reactions,
i.e. Esposito’s and Bose’s rates, which are labeled as "Espo’ and "Bose’ in the following figures respectively.

Figure 1 shows the profiles of the gas and vibrational temperatures (left panel) and species mole fractions (right
panel) up to 1 m behind the shock. The solid lines are the results obtained with Esposito’s ZE rates, and dashed lines
are those obtained from Bose’s ZE rates. Differences are only noticeable for the vibrational temperature and abundance
of NO. At the shock, the gas temperature increases rapidly and reaches about 31500 K. After the shock, the vibrational
temperatures of N, and O, increase up to a maximum due to VT transitions. Then, once sufficient dissociation occurs,
the loss of vibrational energy by dissociation takes over the energy gain due to excitation, the two temperatures fall
and gradually equilibrate with the gas temperature.

The two models for the ZE reactions result in large differences in the predicted evolution of the NO vibrational
temperature.

The composition profiles show the dissociation of N, and O, and the formation of NO, N and O. At the early
phase of the relaxation, the low vibrational temperatures of N, and O, prevent the dissociation and exchange processes
to occur. Therefore, their mole fractions remain at the initial levels before 1 x 10~ m. Then, due to VT excitation, the
molecules gradually climb the vibrational ladder, which initializes the dissociation of upper levels. As the vibrational
temperatures increase, the dissociation progressively goes deep into the lower energy levels. As a result, the molecules
N, and O, are dramatically reduced, while the atoms N and O are abundantly produced. At about 1 x 10~ m, the mole
fraction of N, is reduced from 80% to 10%. Dissociation of O, is faster so that already at 1 x 10~ m, the mole fraction
of O, falls to below 0.1%. NO, instead, is produced in the Zeldovich exchange reactions. The onset of these processes
requires enough atomic nitrogen and oxygen from dissociation of N, and O,. Therefore, a long incubation distance is
observed for the appearance of NO. Esposito’s rates predict a relatively larger formation than Bose’s rates. At about
2 x 107 m, Esposito’s rates predict more than 0.1% mole fraction of NO, which reaches its maximum value of 0.65%
at 8 X 107 m. Bose’s rates obtain more than 0.1% NO at 4 x 107 m, and then get the maximum value of 0.24% at
1.7 x 10~* m. After the peak, dissociation prevails over formation, and the mole fraction of NO begins to curve. At
1 x 1073 m, the mole fraction of NO falls back below 0.1%.

In order to explain the observed behaviour, profiles of vibrational energy source terms pertaining to the different
processes are plotted in Figure 2. These are defined as:

Vmax

Q= ) @hyerp i€ (VT,DR,ZE) (17)
v=0

We also define preferential energy source terms for DR and ZE processes as Q™' = Q; — @i, , - ¢28 i € {(VT,DR} .
These terms express the preferentiality of the chemistry-vibration coupling and can be directly related to the evolution
of the vibrational temperatures. In Figure 2, the upper plots show the VT (red lines), DR (blue lines) and ZE (green
lines) vibrational energy source terms, as well as their sum (black lines). The lower plots show the VT (red lines),
preferential DR (blue lines) and preferential ZE (green lines) energy source terms, and their sum (black lines). The

positivity/negativity of VT energy source term reflects the overshoot/undershoot of vibration temperature to translation
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Figure 1. Profiles of the temperature and mole fractions behind the shock wave

one, while the positivity/negativity of DR or ZE energy source term reflects the gain/loss of species. Finally, the
positivity/negativity of preferential energy source term describes the rise/drop of vibrational temperature.

The VT terms for N, and O, show similar behaviour, being positive and monotonically decreasing after the shock:
it illustrates how the vibrational temperatures of the two species are always lower than the translational one, and they
gradually relax to equilibrium. The VT source term for NO from Esposito’s rates is also positive but rises first then
drops, which accommodates the change in the amount of substance. On the other hand, Bose’s rates predict that the
NO is created at temperatures higher than the translational one; the corresponding VT source term first quickly falls
to the negative minimum value and then gradually increases to positive values due to de-excitation and dissociation
processes. At about 1.9 x 10~* m, the dissociation outweighs the exchange processes, a strong depletion of the species
makes the vibration temperature drop below the translational temperature, and this source term becomes positive.
After that, the coupling effects of excitation and dissociation make the VT source term increase first then decrease to
ZEero.

The DR and preferential DR energy source terms of the three molecular species are all negative during the relax-
ation, which means that the dissociation is dominant of the DR processes. After the onset of dissociation, the intensity
of these processes increases as VT excitation pumps energy into higher vibrational levels. Then, as dissociation pro-
cesses outweigh vibrational excitation, the strong depletion of the species consequently slows down dissociation.
Thus, the DR energy source terms firstly reduce to the negative minima and raise back to zero when the reactions get
to equilibrium. It is interesting to note that NO’s preferential DR energy source term is nearly two orders of magni-
tude smaller than the non-preferential one and has the same order as the VT one, which demonstrates that DR for
NO is close to a non-preferential character, while on the contrary, DR for the other two molecular species have strong
preferential characters.

The Zeldovich reactions lead to a more complicated change in vibration energy and temperature. Analysis of
the ZE energy source terms of N, shows that the reaction N,(v) + O == NO(w) + N consumes N, and creates NO
at all times. Although Bose’s rates produce less NO than Esposito’s, the former absorb more N, vibrational energy
than the latter. Besides, the solutions by Bose’s rates show that the exchange reaction makes a negative contribution
to N,’s vibration temperature, while the contribution predicted by Esposito’s rates alternately decreases and increases
the vibration temperature of N,. However, these source terms are much smaller than either the VT and DR ones,
so it is hard to observe their influence on the vibrational temperature. The ZE energy source terms of O, indicates
that the formation of N observably initializes the reaction O,(v) + N == NO(w) + O at about 3 X 107% m which
consumes O, and creates NO. Once NO is formed in sufficient amount, the reverse reaction takes over and leads to
a production of O,. Therefore, ZE energy source turns positive at about 10~* m. This process slightly increases the
vibration temperature of O, and slows down the consumption of O, by dissociation, as observed between 3x 10~ m to
5% 107 min Figure 1. Here, Bose’s rates also present larger consumption or generation of energy to the O, vibrational
mode. It is interesting to note from the preferential energy source terms that, this reaction by Bose’s rates performs first
negative then positive contribution to the vibration temperature of O,, while it always increases the temperature by
Esposito’s rates. Finally, the joint effect of the two ZE exchange reactions gives a net increment to NO, but produces
a non-monotonic change to the vibrational temperature.
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Figure 2. Profiles of vibrational energy source terms

A detailed investigation shows that Bose’s rates to form high-lying levels of NO are significantly larger than Es-
posito’s. This explains the vibrational temperature overshoot predicted with this model. On the other hand, Esposito’s
rates are larger for the formation of NO in intermediate-lying states. This leads to a larger production of NO. Note,
however, that the original work [16, 17], only reported calculated rates for low and intermediate vibrational levels.
Data for high-lying vibrational levels are obtained by extrapolation [8].

The rebuild intensity (red line) is compared to the measured intensity (black line) in Figure 3. The calculated
spectra are obtained based on the results applied Esposito’s rates. It is also worth to mentioned that the experimental
one includes the radiative signature from all chemical species in air plasma. We also plot the radiation of N, system
(blue dash line). In the range 200-300 nm the spectrum is dominated by NO systems with the small contribution of
O, Shcumman-Runge, the agreement is pretty good, which could be recognized as valuable assessment of the data
implemented for nonequilibrium NO modelling. However, the graph exhibits large discrepancy in the range above
300 nm, which is emitted by N,. The first reason is that in the present calculation focused on NO, we neglected
the N,*, although the First Negative system is important in our conditions. The other reason could be attributed to
an overestimation of N, properties (or density, or temperature), which might be due to that the kinetic ionization
mechanism is insufficient.

CONCLUSIONS

The vibration-specific State-to-State approach is employed to described vibrational relaxation and reactive processes
in shock-heated air gas mixture consisting of the five chemical species N,, O,, NO, N and O. Vibrational state-specific
description is adopted for molecules. There categories of physico-chemical processes are considered, including the
vibration-translation energy exchange, dissociation-recombination and Zeldovich exchange reactions for NO forma-
tion. The detailed reaction rates are obtained from the FHO models or QCT calculations on ab inito potential energy
surfaces. The classical models of Landau-Teller relaxation or Parks two temperature model are implemented in a state-
specific way, where none of the above is available. The vibration-chemical kinetics in the relaxation region behind a
shock wave with u = 8.06 km/s are discussed in detail. Radiative signatures of N,, O, and NO are then determined
and compared to experimental measurements. Results indicate the validity of the current model for NO formation.
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Figure 3. Profiles of spectral intensity of radiation from N,, O, and NO
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