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Abstract

A parametric study is carried out via state-to-state constant-volume heat bath simulations for binary mixtures
of O,/0O and N2/N to identify nonequilibrium de-excitation conditions where the overall atomic recombination is
influenced by thermal nonequilibrium and where it is not. The most important parameter is found to be the
translational temperature at which the de-excitation occurs. A low translational temperature of around 500 K is
found to prevent the overall atomic recombination process from being influenced by the thermal nonequilibrium,
due to the small value of Keg making the dissociation reaction less important. At a higher translational temperature
of 2000 K, the overall atomic recombination process is influenced by the thermal nonequilibrium to an extent that
is comparable to that seen in the corresponding excitation conditions, due to the nonequilibrium-accelerated
dissociation rate. The current results have important implications in reduced-order modelling and experimental

methods.

. Introduction

High-enthalpy flows involve shock waves and expansions which rapidly change the flow's translational
(kinetic) temperature by thousands of Kelvins. However, the internal energy and chemical modes require longer
adjusting, resulting in a region of thermochemical nonequilibrium [1]. In the past decades, while nonequilibrium
under excitation (post-shock) conditions has been well-studied, the reverse scenario of nonequilibrium under de-
excitation (expansion) conditions has not been given the appropriate attention [2]. De-excitation nonequilibrium
is important in the flow over the shoulder and afterbody of an atmospheric entry vehicle [3, 4], in hypersonic wind
tunnels [5, 6], and in the boundary layer [7].

In reduced-order models, such as multi-temperature models [8], the finite-rate chemistry consisting of both
the forward and backward reactions is usually modelled using global rate constants. The influence of thermal

nonequilibrium on the global dissociation/recombination rate constants, for the dissociation/recombination

aCorresponding author. Email: sangdi.gu@polyu.edu.hk

1

© 2024. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



reaction AB + M — A + B + M, is a question that has been mentioned since at least the 1960s [9]. It is now known
that the global recombination rate constant, Kg, is a function of only the translational temperature, Ty, such that
[10-12]
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where k is the vibrational state-specific dissociation reaction rate constant (which is a function of the vibrational
energy level i and the translational temperature), f;2° is the normalized Boltzmann distributed (equilibrium)
vibrational population distribution (normalized such that ¥; £,2° (i) = 1) of molecule AB at the translational
temperature, and Kgq is the equilibrium constant evaluated at the translational temperature. On the other hand, the
global dissociation rate constant, Kp, is a function of both the translational temperature, Ty, and the vibrational

population distribution such that [10, 11]
Kp = ) kal, T)f () )
i

where f48 is the normalized vibrational population distribution of molecule AB. A nonequilibrium factor Z, which
measures the deviation of Kp from the global dissociation rate constant at equilibrium K¢, is defined as
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Inspection of the above equation shows that it can only equal 1 when the actual vibrational population of AB is
Boltzmann distributed at the local translational temperature (thermal equilibrium) or when k, is a constant for all
values of i. The latter condition is never really achievable in reality, but it does indicate that the distribution of the
value of the state-specific rate constant kq plays an important role in determining the magnitude of the deviation
of Kp from KlfQ . For the dissociation/recombination reactions, the state-specific rate constant at a given
temperature increases with increasing vibrational energy level and the steepness of this increase decreases with

increasing temperature as shown in Figure 1 for example.
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Figure 1. The state-specific rate constants for N2(i) + N — 3N obtained via QCT [13].

The values of KgQ are readily available in the literature [11]. One can then easily obtain the recombination

EQ
rate constant via K = K}fQ =z KD(T ) with the equilibrium constant calculated using the partition functions; this
EQ\Utr

approach has recently been further validated via detailed kinetics simulations [14]. The difficulty, therefore, lies
in the determination of Kp. Because the dissociation reaction is dominant under excitation conditions, the accurate
prediction of Kp is obviously important for simulating excitation conditions. As a result, various simple analytical
models, being functions of only the translational and vibrational temperatures, have been developed and tuned to
predict Z under relevant excitation conditions [11, 15, 16]. Under de-excitation conditions, these simple models
do not work due to the strong non-Boltzmann distributions present [17, 18], so a much more sophisticated model
is generally required to predict Z (and consequently Kp) correctly [7, 10, 19]. Nevertheless, it is not immediately
obvious whether accurate dissociation reaction predictions are actually necessary under de-excitation conditions.
On one hand, one may suggest that it is not important because the recombination reaction may be very dominant
[12], in which case the prediction of the chemical nonequilibrium process becomes rather trivial as it is essentially
independent of the thermal nonequilibrium. On the other hand, inspection of Figure 1 and Equation 3 indicates
that Z could be extremely large during de-excitation due to the low translational temperature involved and 48 (i)
giving higher weighting to kq from the higher levels making the numerator in Equation 3 much larger than the
denominator. Consequently, the dissociation rate may be accelerated to values comparable to the recombination
rate making it important under some thermal nonequilibrium de-excitation conditions [19].

Hence, the current work looks to carry out a parametric study to identify nonequilibrium de-excitation
conditions where the dissociation reaction is important and where it is not. Binary mixtures of O»/O and N/N are
studied in order to isolate the dissociation/recombination reactions. This follows recent studies on the

recombination reaction in these mixtures using detailed kinetics simulations [14, 20, 21]. The current work



complements these works by using a continuum approach to look at the overall atomic recombination under

nonequilibrium conditions.

I1.  Methodology

The current work is carried out via constant-volume heat bath simulations which are governed by
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where t is the time, p is the mass density, c is the mass fraction, w is the mass production rate, and the subscript i
is the species index. These are sets of ordinary differential equations (ODE) which are integrated using the Crank-
Nicolson method given some starting condition. The gas is initially in equilibrium at some defined density, pini,
and temperature, Tisi. The translational temperature is then instantaneously changed to some value, To, while the
density either remains constant or is instantaneously changed to po following a thermochemically frozen isentropic
process from Tin to To. From this starting condition, thermochemical relaxation governed by Equation 4 proceeds.
Equilibration between the translational and rotational modes is assumed throughout. The test conditions are
summarized in Table 1.
Table 1. The numerical test conditions. The letter following the condition number denotes the binary

mixture (O for oxygen, N for nitrogen). (Cawom)ini refers to the initial atomic mass fraction (equilibrium
composition at pini and Tini)

Condition  Tini, K pini, kg/m®  (Cawom)ini  To, K po, kg/m®

10 4000 0.15 0.44 2000 0.15
IN 7000 0.15 0.23 2000 0.15
20 2000 0.15 0.00 4000 0.15
2N 2000 0.15 0.00 7000 0.15

30 4000 0.0015 0.97 2000  0.0015
3N 7000 0.0015 0.89 2000  0.0015

40 4000 0.15 0.44 2000  0.0405
4N 7000 0.15 0.23 2000  0.0105
50 7000 0.15 0.99 2000 0.15
5N 10000 0.15 0.90 2000 0.15
60 4000 0.15 0.44 500 0.15
6N 7000 0.15 0.23 500 0.15
70 4000 0.15 0.44 500 0.0030
7N 7000 0.15 0.23 500  0.00055
80 7000 0.15 0.99 500 0.0028
8N 10000 0.15 0.90 500 0.0014
90 4000 0.15 0.44 600 0.15
9N 7000 0.15 0.23 600 0.15
100 4000 0.15 0.44 1000 0.15
10N 7000 0.15 0.23 1000 0.15




A State-to-State (StS) model, described in detail in Ref. [22-24], is used in the current work. The energies of
the vibrational levels for N2, and O, used in this work are obtained from the STELLAR database [25], and they
are determined by solving the radial Schrédinger equation with potential curves obtained from the Rydberg-
Klynning-Rees method [26]. There are 61 bound vibrational levels for N2 and 46 for O,. Only the ground electronic
state is considered. The reactions modelled, consisting of vibration-vibration-translation (VVT), vibration-
translation (VT), and vibration-dissociation (VD) reactions, are summarized in Table 2 and Table 3. The state-
specific rates used originate from a combination of Forced Harmonic Oscillator (FHO) theory [27] and quasi-
classical trajectory (QCT) calculations [28]. The accuracy of these rates is examined in Ref. [22-24]. The forward
and backward rates are related by detailed balance using the partition functions. The average vibrational

temperature can be obtained by solving the following equation for Tyv.ag [22, 24, 29],

B (i _ B
ZfAB(i)EAB(i)=ZlEAB(l)exp( ) (5)
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where the energy of the nonequilibrium vibrational distribution equals the energy of a Boltzmann equilibrium
vibrational distribution at the vibrational temperature Tvae. Here, E is the level energy and kg is the Boltzmann

constant.

Table 2. The reactions considered in the oxygen binary mixture.

No. Reaction Model Ref.
1 O3(i1) + O2(iz) <> Oz(f1) + Oz(f;)) FHO  [24]
2 O26i) + O Ox(f) + O QCT [28]
3 Ox(i) + 02 20 + O, FHO [30]
4 02%i) + 0 < 30 QCT [28]

Table 3. The reactions considered in the nitrogen binary mixture.

No. Reaction Model Ref.
1 Na(i1) + Na(iz) &« No(f1) + No(f2)  FHO  [24]
2 No(i) + N <> No(f) + N QCT  [13]
3 No(i) + N2 > 2N + N, FHO [30]
4 Na(i) + N <> 3N QCT  [13]

Consider a molecular species ABE{N,, O} at a vibrational level i1, the resulting species mass production
rate in a binary mixture can be written generally as [5, 31-33],
Wag(iy) = Mas [{WAé(ii)}WT +{wasanl,, {WAé(il)}VD] (6)

where
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for the molecule-molecule interaction,

fimax
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for the molecule-atom interaction, and
{WAé(il)}VD = Z kVD(A' B,M - ill M)XAXBXM - kVD(illM d A, B, M)X11XM (9)
M

for the vibration-dissociation reactions. Here A and B represent atomic species, A7 is the molar mass, k is the
reaction rate coefficient (calculated from the FHO or QCT model depending on the reaction as stated in Table 2

and Table 3), and X is the molar concentration.

I11.  Results
The results for Condition 1 are shown in Figure 2 along with the corresponding thermal equilibrium (EQ)

resultin which f48 (i) = f,3° (i, Ty) is defined making the VT and VVT reactions redundant and giving Z = 1 (Kp

= KlfQ) throughout. The time when the normalized mass fraction (y-axis) reaches 0.5 differs between the
nonequilibrium and equilibrium results by a factor of around 3.5 for oxygen and 2.0 for nitrogen; this is only a
little smaller than that seen in the corresponding excitation conditions (around 5.0 for oxygen and 3.7 for nitrogen)
shown in Figure 3 for Condition 2. Thus, Condition 1 can be considered to be substantially influenced by the
dissociation reaction and, consequently, the thermal nonequilibrium. To provide further perspective, uncertainties
of up to a factor of 6 [34] and an order of magnitude [10] is reported for first-principles calculated and
experimentally measured dissociation rate constants, respectively, which would cause shifts in time of around the
same amount (a factor of 6 and an order of magnitude) when put into the current context. Therefore, even when
considering the bigger picture, the influence from thermal nonequilibrium should still be relevant despite being
secondary compared to the uncertainty of the rates themselves in nonequilibrium simulations.
Let us define the ratio of the global dissociation rate wy, to the global recombination rate wy, as

WD _ ZikVD(ilM - AIBIM)XiXM
Wg  Xikyp(A,B,M — i, M)X,XpXy

(10)

Examining Figure 2 (c) and (d), one can see that Condition 1 is influenced by the thermal nonequilibrium because

Z attains a significant value in both of the dissociation reactions (both have a similar Z profile) which increases



the dissociation rate wi, to a value comparable (same order of magnitude) to the recombination rate wg. Such

large values of Z are consistent with [7] who computed Z = 10 for similar conditions which indicates K, has a

much larger deviation from K2 here than those seen in excitation conditions where Z = 1072 as shown in Figure
g D g

3andin[11, 16, 35].
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Figure 2. The normalized temperature ratio and atomic mass fraction for Conditions (a) 10 and (b) 1N,
and the ratio between the dissociation and recombination rates (W, /wpg) and Z for Conditions (c) 10 and
(d) IN. Z is calculated for reactions 3 and 4 in both Table 2 and Table 3. The colour of the lines matches
the colour of the y-axis to which they belong.
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Figure 3. The normalized atomic mass fraction and Z for Conditions (a) 20 and (b) 2N.

In de-excitation conditions, as shown in Figure 2, Z maintains a large deviation from unity even when the
average vibrational temperature T, approximately equals the translational temperature (t > 105 s for oxygen and t
> 103 s for nitrogen); this is due to the non-Boltzmann vibrational population distribution, as shown for example
in Figure 4 for Condition 10, which gets manifested spectacularly due to the extremely nonuniform distribution
of kq at the lower temperatures encountered during de-excitation as discussed in Section 1. This result is consistent
with [7] who earlier showed that Z is basically independent of T, during de-excitation. In fact, Z is still of a
significant value even when recombination essentially completes (t = 102 s), as shown in Figure 2, because a non-
Boltzmann distribution still exists at this point which requires further time to equilibrate, as shown for example
in Figure 4 for Condition 10. Such a prominent influence from non-Boltzmann distributions is not seen under
excitation conditions as shown in Figure 3 and in [36, 37]. Subsequently, the existing simple analytical models
for predicting Z under excitation conditions, which are designed to give Z = 1 when Ty = Ty [11, 15, 16], are
inadequate for predicting Z under de-excitation conditions. Instead, more sophisticated models designed with
consideration of de-excitation conditions, such as [10, 19], must be used in reduced-order modelling of de-

excitation conditions such as Condition 1 where dissociation needs to be predicted accurately.
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Figure 4. The normalized vibrational population distribution of Oz in Condition 10 at different instances
in time, t.

Beginning the parametric study, Figure 5 compares Condition 1 with its low-density equivalent: Condition
3. As demonstrated exemplarily for nitrogen, one can see in Figure 5 (a) that changing the density in this way
does not appreciably change the degree of influence of thermal nonequilibrium on the overall atomic
recombination; in both conditions, the nonequilibrium and equilibrium results differ in time by a factor of around
2.0. The same observation is made for oxygen. The reason for this is shown in Figure 5 (b): neither Z nor wj, /wy
is changed in any significant way other than being shifted in time. Because the dissociation reaction is a second-
order reaction while the recombination reaction is a third-order reaction, one may expect wy, /wy to increase when
decreasing the density. However, this is not the case here because the initial equilibrium chemical composition is
also adjusted accordingly with this lower density condition. That is, the initial chemical composition in Condition
3 is equilibrated with the lower density so the relaxation begins from a state with more dissociation which

decreases wp, /wy thereby cancelling out the increase in wi, /wy from the lower density.
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Figure 5. The (a) normalized atomic mass fraction and (b) ratio between the dissociation and
recombination rates (W, /wg) and Z for the dissociation reaction with the molecular and atomic collision
partners, for Conditions 1N and 3N.
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Figure 6. The (a) normalized atomic mass fraction and (b) ratio between the dissociation and
recombination rates (W, /wyg) and Z, for Conditions 1N and 4N.

Instead, to possibly observe the effect of changing density, one has to compare Condition 1 with Condition
4 where the density is reduced from pin; to po following a thermochemically frozen isentropic process consistent
with the temperature change. This result is shown in Figure 6. Examining Figure 6 (b), the effect of lowering the
density here in this way does indeed increase wy, /wy in the equilibrium result as expected. However, wj /wy in
the nonequilibrium result remain basically unchanged. This is because lowering the density is found to also lower
Z, consistent with [7], which cancels out the increase in the equilibrium wi, /wy since the nonequilibrium wp, /wy

is like the product of the equilibrium wp /wy and Z. In [19], it was found that Z is heavily influenced by the

10



population of the upper vibrational energy levels, and the larger the upper level population the larger the Z. Hence,
the lowering of Z from lowering the density is expected as lowering the density reduces the prominence of the
(third-order) recombination reaction relative to the (second-order) dissociation reaction meaning that the upper
levels get less populated (since molecules form at the upper levels) resulting in a less accelerated dissociation
reaction. Consequently, changing the density in this way also does not appreciably change the degree of influence
of thermal nonequilibrium on the overall atomic recombination as demonstrated for example in Figure 6 (a) for
nitrogen, with the same observation made for oxygen.

A similar trend is observed when comparing Condition 1 with Condition 5 where the relaxation begins from
a state with more thermochemical excitation. As demonstrated for example in Figure 7 for nitrogen, increasing
the degree of excitation in the initial condition does not appreciably change the degree of influence of thermal
nonequilibrium on the overall atomic recombination. This is because, although the larger degree of nonequilibrium
increases Z as discussed in Section I and consistent with [7], it also decreases the equilibrium wj, /wy because the
relaxation begins from a state with more dissociation resulting in the nonequilibrium wp /wy being essentially

unchanged. The same observation is found for oxygen.
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Figure 7. The (a) normalized atomic mass fraction and (b) ratio between the dissociation and
recombination rates (W, /wyg) and Z, for Conditions 1N and 5N.

Continuing with the parametric study, Figure 8 compares Condition 1 with its low-temperature equivalent:
Condition 6. In this case, one can see that decreasing the isothermal translational temperature significantly
decreases the degree of influence of thermal nonequilibrium on the overall atomic recombination as shown in
Figure 8 (a) and (c) for Conditions 60 and 6N, respectively. For these two conditions, the equilibrium and

nonequilibrium atomic mass fraction profiles are essentially the same for a significant portion of the relaxation,

11



and deviations only appear when approaching equilibrium when the dissociation reaction has to become
important. Also shown in Figure 8 (a) and (c) are the corresponding results at intermediate isothermal translational
temperatures of 600 K (Condition 9) and 1000 K (Condition 10). As expected, the results at these intermediate
temperatures show intermediate degrees of influence from thermal nonequilibrium. This further confirms the
aforementioned trend: increasing the isothermal translational temperature increases the influence of thermal

nonequilibrium on the overall recombination.
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Figure 8. The normalized atomic mass fraction, ratio between the dissociation and recombination rates
(wWp/wp), and Z for the specified conditions.

Examining Figure 8 (b) and (d), significantly larger Z is produced in the lower temperature conditions as
expected due to the extremely nonuniform distribution of ky at lower temperatures as mentioned in section |I.

However, at the lower temperatures, the equilibrium constant becomes very small, as shown in Figure 9, causing

12



the equilibrium wj, /wy to be very small which more than offsets the increase in Z resulting in the recombination
rate being more than an order of magnitude greater than the nonequilibrium dissociation rate during the majority
of the atomic recombination in the nonequilibrium results. Here, unlike in the scenarios presented earlier, the two
competing processes do not completely cancel each other out as the decrease in the equilibrium wpy /wy wins over
the increase in Z. Consequently, the dissociation has little influence on the overall reaction and, thus, does not

need to be predicted accurately in this case in reduced-order modelling.
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Figure 9. The equilibrium constant for the oxygen and nitrogen dissociation/recombination reactions
calculated using the partition functions.
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Figure 10. The normalized atomic mass fraction for the specified (a) oxygen and (b) nitrogen conditions.

The current parametric study indicates that the translational temperature at which the de-excitation occurs
is the most important parameter influencing the sensitivity of the overall atomic recombination to the thermal
nonequilibrium. To further confirm this result, additional simulations are performed at two variations of the low-
temperature condition: Conditions 7 and 8. In Condition 7, po is obtained from pini following a frozen isentropic
process from Tini to To. Condition 8 is similar to condition 7 except it has a higher value of Ti, meaning the
relaxation begins from a state with more thermochemical excitation. The results are shown in Figure 10, and one

can see that the overall atomic recombination has little sensitivity to the thermal nonequilibrium in all these low-

13



temperature cases due to the very small value of Keg, which causes Kj to be very large according to Equation 1,
making the dissociation reaction less important. Further demonstrating the importance of Keg, the results
throughout this work show that the nitrogen recombination is always less sensitive to the thermal nonequilibrium
than the oxygen recombination under comparable conditions because nitrogen always has a lower value of Keq

than oxygen at any given temperature as shown in Figure 9.

IV.  Implications

In light of the current findings, it can be suggested that in O./O and Na/N de-excitation at higher translational
temperatures, it is important to accurately predict the dissociation reaction to determine the overall atomic
recombination process correctly when performing reduced-order modelling; this can potentially be done using
models such as [10, 19]. Detailed treatment of the dissociation reaction may be unnecessary at lower translational
temperatures for accurately determining the overall atomic recombination. Regarding air de-excitation, the current
results for binary mixtures would be irrelevant because, during de-excitation, the NO exchange reactions are
known to (1) play an influential role in determining the amount of oxygen and nitrogen [4, 18, 38, 39], and (2) be
heavily influenced by thermal nonequilibrium [40, 41]. Consider the reaction N2 + O < NO + N with the
vibrational state-specific reaction Na(i) + O <> NO(j) + N where i and j are the vibrational levels of N2 and NO,
respectively, one can write, following [10],

Ke= ) Dk @DF0)

)

_ N NO s ke(, /) fNOUDfeg? (i, Ter)
Kp = ZZ k, (L, DY) = ZZKEQ(TW) fNO(j, Ty

J

(11)

where subscript ‘f” or ‘F’ refers to the reaction direction of NO production, and vice versa for subscript ‘b’ or ‘B’.
As shown in Figure 11, ki has obvious nonuniformity, which increases with decreasing temperature, like with the
dissociation reaction. Hence, Equation 11 indicates that both directions of the NO exchange reaction would be
influenced by the nonequilibrium vibrational population distribution f. The same is the case for the other NO
exchange reaction. Therefore, thermal nonequilibrium would always influence the oxygen and nitrogen kinetics

under any air de-excitation condition.

14
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Figure 11. The state-specific rate constants for N2(i) + O — NO(f) + N obtained via QCT in [42].

Nonetheless, the fact that it is possible to find conditions for a binary mixture where the overall chemical
relaxation is independent of the thermal relaxation is an important result. This result can be taken advantage of
for the experimental determination of the equilibrium dissociation/recombination rates. Doubts have been raised
decades ago by Rice [43], and continue to be expressed recently by Singh & Schwartzentruber [10], as to whether
the existing experimental dissociation rates, basically all measured using the shock tube method, actually
correspond to the thermal equilibrium dissociation rates. Therefore, in light of the current results, Wilson’s
technique [44, 45], shown in Figure 12 (a), is strongly recommended as an alternative experimental method to the
shock tube method for determining the equilibrium dissociation/recombination rates. In Wilson’s technique, the
double Prandtl-Meyer expansion can be designed to manufacture an essentially frozen isentropic flow which
rapidly decreases the translational temperature of some thermochemically excited flow to some low value, and
thermochemical relaxation occurs subsequently in the one-dimensional channel. By diluting the binary mixture
with an inert gas such as argon or helium, a low translational temperature can be maintained during the relaxation
which is necessary to prevent the overall atomic recombination process from being influenced by the thermal
nonequilibrium. The one-dimensional centered rarefaction technique [46, 47] can be used as an alternative to
Wilson’s technique. In this technique, shown in Figure 12 (b), the portion of the initially excited flow that passes
near the center of the rarefaction can be designed to undergo an essentially frozen isentropic expansion before

thermochemical relaxation occurs in a one-dimensional channel. In both techniques, measurement of the overall
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atomic recombination would allow the equilibrium recombination rate to be confidently determined which can
then be related to the equilibrium dissociation rate via Keg. Subsequent comparisons with rates obtained from
shock tube experiments and first-principles calculations would be extremely interesting. Additionally, the
experimental results obtained at low temperatures will complement the shock tube results, which are obtained at

high temperatures, giving the existing experimental database completeness.

Prandtl-Meyer expansion

Expansion aerofoil

Duct
[«5]
=
Frcited flow Relaxation = Relaxation
Frozen [//pe=—==——""""""7"
expansion
:
Frozen expansion ,
Distance
(a) o

Figure 12. The (a) Wilson’s, and (b) one-dimensional centered rarefaction methods.

Such a dilution mentioned above is not expected to significantly influence the sensitivity of the
recombination to thermal nonequilibrium at a given temperature because this depends on Z and Z is not sensitive
to the collision partner, as shown throughout the current work with Z being similar among the atomic and
molecular collision partners, since the normalized distribution of kq(i) at a given temperature is not sensitive to
the collision partner [48]. Z could be influenced by the vibrational relaxation, which is dependent on the collision
partner, but this influence is not expected to be significant. To further examine the influence of dilution,
simulations of the conditions shown in Table 4 are performed. Because StS rates for the inert gas collisions are
currently unavailable, 0.95 mole fraction of N2 or N and O; or O are used as a diluent in O2/O and N/N,
respectively, where it is treated as a monoatomic inert species which take part only as a collision partner in the
dissociation/recombination reaction. When N2 or Oz is used as the diluent, it is treated as a monoatomic inert
species in the thermal reactions too so that, instead of being involved via VVT reactions, it is involved via VT
reactions. The Oa(i1) + Oz «> Oa(f1) + Oz and Na(i1) + N2 > No(f1) + N2 VT rates necessary to perform simulation
of Conditions 100 and 10N, respectively, are obtained from the STELLAR database [25], which are calculated
using FHO theory. The results are shown in Figure 13; one can see that the overall recombination process in O,/O
and N2/N is essentially uninfluenced by the thermal nonequilibrium as long as the temperature is low, regardless

of which species is used as the diluent.
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Table 4. The numerical test conditions with dilution. The diluent has a 0.95 mole fraction in all cases. pini
to po follows a thermochemically frozen isentropic process from Tini to To.

Condition  Tini, K pini, kg/m®  To, K po, kg/m®  Diluent

90 7000 15 500 0.29 0]
9N 10000 15 500 0.16 N
100 7000 15 500 0.023 02
10N 10000 15 500 0.0096 N2
—e—Cond. 90 Cond. 100 —e—Cond. 9N Cond. 10N
- p-Cond. 90 EQ - - -Cond. 100 EQ -p-Cond. 9N EQ - - -Cond. 10N EQ
1p-3o-p-
081
2
Eos
21S
Ex
17
=04t
S
0.2
0
108

(b)

Figure 13. The normalized atomic mass fraction for the specified (a) oxygen and (b) nitrogen conditions.

V.  Conclusions

A parametric study is carried out via StS constant-volume heat bath simulations for binary mixtures of O,/O
and N2/N to identify nonequilibrium de-excitation conditions where the overall atomic recombination is influenced
by thermal nonequilibrium and where it is not. Parameters examined include the density, degree of initial
excitation, and translational temperature. It is found that the translational temperature is the most important
parameter influencing the sensitivity of the overall atomic recombination to the thermal nonequilibrium. At a
higher translational temperature of 2000 K, the overall atomic recombination process is influenced by the thermal
nonequilibrium to an extent that is comparable to that seen in the corresponding excitation conditions. In this case,
it is important to accurately predict the nonequilibrium dissociation reaction when performing reduced-order
modelling. A low translational temperature of around 500 K is found to prevent the overall atomic recombination
process from being influenced by the thermal nonequilibrium due to the small value of Keg making the
dissociation reaction less important. Consequently, in this case, detailed treatment of the dissociation reaction in
reduced-order modelling may be unnecessary for accurately determining the overall atomic recombination. This
important result can be further taken advantage of for the experimental determination of the equilibrium

dissociation/recombination rates which would be extremely useful. Dilution is not found to influence this result
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to any significant extent. Work is already underway by the current authors to generate StS rates for the inert gas
collisions which will then be used to design these experiments to be eventually conducted in a high-enthalpy
impulse facility. For air de-excitation, thermal nonequilibrium will always play an important role in the oxygen

and nitrogen kinetics due to the existence of the NO exchange reactions.
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