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Abstract

This study focuses on understanding high-temperature effects and plasma formation in sub-orbital hyper-
sonic flight using Computational Fluid Dynamics (CFD) simulations. The research compares two models
with different kinetic parameters derived from shock tube experiments and state-to-state chemical kinet-
ics. The simulations consider various Mach numbers and altitudes relevant to reentry conditions. Results
show that the choice of model and the number of species composing the mixture significantly impact the
flow field, with the more recent model demonstrating improved accuracy compared to experimental and
numerical data.

1. Introduction

Hypersonic flight refers to a particular flight regime in which objects travel through the atmosphere at high super-
sonic speeds, typically above Mach 5, subjecting them to a unique set of physical phenomena. An object traveling at
hypervelocity transfers its kinetic energy to the air through a detached shock wave, which compresses and heats the
gas, increasing its internal energy. These high temperatures trigger chemical reactions between gas species, changing
the characteristics of the flow field and leading to phenomena such as internal energy redistribution, dissociation, and
ionization, most of which occur in non-equilibrium conditions. An accurate description of these effects is essential
for predicting the thermal loads experienced by the aircraft for design and operation in a hypersonic flight mission. In
addition, if the temperatures are high enough to trigger ionization of the species, the plasma field surrounding the body
and even its wake can affect the aircraft’s trackability and radio communications [1, 2].

This study uses Computational Fluid Dynamics to investigate the effects of high temperature in a sub-orbital hyper-
sonic flight regime focusing on plasma formation prediction. The research concentrates on the effect of the number of
species adopted to define the air mixture composition, investigating the sensitivity of the flow field to the adoption of
7-species or 11-species models. The simulations presented also use both reference thermo-chemical models [3, 4] and
more recent versions incorporating kinetic parameters derived from shock tube experiments and state-to-state chemical
kinetics [5]. With these models, we describe various combinations of Mach number and altitude conditions typical of
atmospheric re-entry. We validate the results with experimental data collected from the RAM C-II test vehicle during
its re-entry phase [6], and we perform a verification exercise by comparison with numerical simulations available in
the literature [7].

2. Thermochemical Models

At sub-orbital altitudes, air can be modelled as a continuous flow governed by the Navier-Stokes equations for a multi-
component gas mixture. At hypersonic speeds, however, this physical model must account for various non-equilibrium
phenomena, including vibrational and electronic energy relaxation, dissociation and ionization. In this context, air is
considered as a gas mixture consisting of several species. The 7-species model includes mono-atomic oxygen (O),
mono-atomic nitrogen (N), nitrogen oxide (NO), diatomic oxygen (0), diatomic nitrogen (N;), positive ions (NO*)
and electrons (e”). In the extended 11 species model additional species such as O3, Ny, O* and N* ions are considered.
The two-temperature model is widely regarded as a good approximation for describing non-equilibrium phenomena
in high-enthalpy and high-temperature gases [8]. In that model, the electron, electronic and vibrational energies are
treated as a single non-equilibrium energy mode, known as the electron-electronic-vibrational energy, which evolves
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Table 1: Reactions

Reactions Third body A [m3/kmol] Kimetal. A [m?/kmol] Parketal N7 Kimetal. N Park et al. Te Ty
Dissociation reactions
No+M=N+N+M e 3.0e21 3.0e21 -1.6 -1.6 N T
NO* 7.0el8 7.0el8 -1.6 -1.6
N* 3.591e17 3.0el19 -1.226 -1.6
o* 3.0el9 3.0el9 -1.6 -1.6
(% 7.0el8 7.0el8 -1.6 -1.6
N3 1.216 e17 7.0 el8 -1.214 -1.6
NO 7.0el8 7.0el8 -1.6 -1.6
N 3.591 el17 3.0el9 -1.226 -1.6
(6] 3.0el9 3.0el9 -1.6 -1.6
(07 7.0el8 7.0el8 -1.6 -1.6
N, 1.216 e17 7.0 el8 -1.214 -1.6
0,+M=0+0+M NO* 3.354 el12 2.0el8 -0.2726 -1.5
N* 1.0el19 1.0el9 -1.5 -1.5
o 3.0el18 1.0 e19 -1.5 -1.5
(04 1.117 €22 2.0el8 -2.585 -1.5
N3 3.354 el12 2.0el8 -0.2726 -1.5
NO 3.354 el12 2.0el8 -0.2726 -1.5
N 1.0el9 1.0el9 -1.5 -1.5
o 3.0el8 1.0 e19 -1.5 -1.5
0, 1.117 e22 2.0 el8 -2.585 -1.5
N, 3.354 el12 2.0 el8 -0.2726 -1.5
NO+M=N+0+M NO* 9.964 ell 5.0 el2 0.0 0.0
N* 9.964 ell 1.1el4 0.0 0.0
o* 9.964 ell 1.1el4 0.0 0.0
(04 1.50 e12 5.0 el2 0.0 0.0
Ny 1.50 e12 5.0 el2 0.0 0.0
NO 9.964 ell 1.1el4 0.0 0.0
N 9.964 ell 1.1el4 0.0 0.0
o 9.964 el1 1.1el4 0.0 0.0
0, 1.50 e12 5.0 el2 0.0 0.0
N, 1.50 e12 5.0 el2 0.0 0.0
Exchange reactions
NO+O=N+0y 8.4 ¢9 8.4¢9 0.0 0.0 T T
N2 +O=NO+N 5.7¢9 5.7¢9 0.42 0.42
Associative ionization reactions
N+O = NO"+e” 53¢e9 53e9 0.0 0.0 T TT,.
0+0=0] +e” 7.1e-1 7.1e-1 2.7 2.7
N+N=Nj +e” 44e4 44e4 1.5 1.5
Charge exchange reactions
NO*+0=N*'+0, 1.0 e9 1.0 e9 0.5 0.5 T T
Nt +N, = N; +N 1.0e9 1.0e9 0.5 0.5
O +N=N"+0, 8.7¢el0 8.7el0 0.14 0.14
O" +NO = N* + 0, 1.4e2 1.4e2 1.9 1.9
0] +N2 = NJ + 0O 9.9 ¢9 9.9¢9 0.0 0.0
0;+0=0"+0, 4.0¢e9 8.4¢9 0.09 0.09
NO*+N=0%"+N, 34el0 3.4el0 -1.08 -1.08
NO* + 0, = Of +NO 2.4el0 2.4el0 0.41 0.41
NO*+0 =05 +N 7.2el0 7.2el0 0.29 0.29
0" +N2 =Nj +0 9.1el0 9.1¢el0 0.36 0.36
NO* +N=Nj +0 7.2¢l0 7.2¢el0 0.0 0.0
Electron-impact ionization reactions
O+e” =20"+e +e~ 3.9¢e30 3.9¢30 -3.78 -3.78 Tye Tye
N+e =N +e +e” 2.5e31 2.5e31 -3.82 -3.82

according to a balance equation that accounts for convection, diffusion and production/destruction. The electron-
electronic-vibrational temperature, T, ., is used to describe this energy mode. On the other hand, the translational
and rotational energies are assumed to be in equilibrium and are described by the roto-translational temperature, 7.
Chemical reactions involving dissociation, associative ionization and electron-impact ionization depend not only on
the roto-translational temperature but also on the electronic-vibrational temperature.

The thermodynamic and diffusion properties of the individual species are obtained from the fittings presented in
the work of Gupta et al. [9]. The forward rate constants are described by an Arrhenius-type relation:

Eak
kf,k = AkTNTeﬁ

ey
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In Equation (1), A, represents the frequency factor of reaction k, E, 4 is the activation energy, and Ny is the temperature
exponent. The parameters in Equation (1) are derived from the widely adopted thermo-chemical model developed by
Park [3, 4]. The backward reaction rates are determined by the equilibrium condition, which can be expressed as:

_ ka(T)
kpy = KT 2

The equilibrium constants, K., are calculated based on the Gibbs free energies, as explained in Anderson [10]. The
backward and forward rate constants are computed using temperatures denoted as Ty and T}, respectively, which
account for the energy states of the reacting species. These temperatures can be either the translational-rotational
temperature 7', the vibrational-electronic temperature 7, ., or a combination of the two. For more detailed information
regarding the chemical reactions and characteristic temperatures, please refer to Table 1.

Recent advances in shock tube experiments have revealed discrepancies with the kinetic parameters of the Park
model [3, 4]. These inaccuracies arise from the fact that most chemical kinetics parameters defined in the early 1990s
were based on limited temperature ranges, specifically up to 5S000K in shock tube experiments. However, more re-
cent studies of the state-to-state chemical kinetics of atmospheric gases have addressed the challenges posed by the
inaccuracy of the older chemical reaction rates. These studies use ab initio calculated potential energy surfaces and
compare the results with shock tube experiments at much higher translational temperatures than in the past. For the
second model we consider, the values of the forward rate constants for the dissociation reactions are chosen based on
fits from recent studies proposed by Kim and Jo [5]. Specifically, for the dissociation reaction with reactants N, + N,
the reaction rates obtained from state-to-state chemical kinetics investigations presented by Bender et al. [11] and Jaffe
et al. [12] agree well with results from shock tube experiments at temperatures below 14000 degrees [13, 14, 15, 16].
Similarly, for the dissociation reaction with reactants N, + N, the reaction rates calculated by Kim and Boyd using
state-to-state kinetics [17] were found to be in good agreement with the experimental measurements described in [18].
In the case of the dissociation of O, the reaction rates for the reactions involving the reactants O, + N,, O, + O, and
0, + O are based on the state-to-state kinetic calculations presented in Kim et al. [19], which show good agreement
with the results from detonated shock tube measurements presented in [20, 21]. The dissociation of NO is based on the
reaction rates presented by Tsang and Herron [22], who take into account some uncertainty in the atomic resonance
absorption spectroscopy measurements mentioned in [23] and propose a corrective factor. Estimation of reaction rates
for collision-induced dissociation of charged particles is difficult because these collisions are less significant than those
involving neutral particles in hypersonic flows. Therefore, the same values used for neutral collisions are adopted. The
reaction rates of the Park model [3, 4] govern the other types of reaction. Bold characters in Table 1 help to identify
those Arrhenius coefficients that differ between the Park [3, 4] and the Kim and Jo [5] model.

3. Numerical Method

The governing equations are numerically solved using the CFD software ICFD++ developed by Metacomp Technolo-
gies [24]. The CFD code employs a finite volume discretization and utilizes an HLLC approximate Riemann solver
with TVD-limited second-order reconstruction for convective fluxes. Diffusive fluxes are calculated using a centered,
naturally second-order scheme [25, 26, 27, 28]. Since we are considering a simplified geometric representation of the
RAM C-II vehicle, assuming an axially symmetric body as in Fig.1a and analyzing conditions at zero angle of attack,

S
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N

(a) Body geometry (b) Structured mesh

Figure 1: RAMCH-II representative body and related axisymmetric mesh.
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we can treat the flow field as axisymmetric. The computational mesh (Fig.1b) contains approximately 170,000 quadri-
lateral cells for the considered test cases. For these 2D-axisymmetric simulations, such a number of cells is sufficient
to ensure grid convergence. The mesh is stretched at the wall to ensure that the boundary layer is accurately captured.

The blunt axisymmetric cone representing the RAM C-II is subjected to hypersonic flow at various Mach num-
bers and altitudes typically encountered during atmospheric reentry. The numerical simulations assume laminar con-
ditions, except for the case at Mach 23.9 and 61 km altitude, where we adopt the Reynolds-averaged Navier-Stokes
(RANS) equations in combination with the SST k — w turbulence model proposed by Menter [29]. The characteristic
convective time 7., defined as the body length divided by the freestream velocity, is of the order of magnitude of 10~*
s for the considered conditions. The governing equations are solved using a second-order implicit time-dependent
scheme with a time step At = 5 - 107® s. Each simulation runs until the residuals decrease by six orders of magnitude
compared to the initial time step, which we assume to be a condition very close to the steady state. Depending on the
specific test case, that typically occurs after 40,000 to 50,000 time steps.

4. Results

In the following subsections, we present the results obtained from two chemical kinetics models. One model utilizes
the forward reaction rates proposed by Park [3, 4], while the other model employs the forward reaction rates suggested
by Kim and Jo [5]. We conducted these simulations using different numbers of species to represent the mixture,
specifically a 7-species model and an 11-species model. Therefore, we have a total of four chemical kinetic models
available for comparison.

For our analysis, we considered three freestream conditions as listed in Table 2, which are relevant to the reentry
phase of the RAM C-II. The wall is assumed to be non-catalytic and has a fixed temperature (7,, = 1000K).

test case # ‘ Mach number ‘ altitude [km] ‘ lam/turb

#1 23.9 61 turbulent
#2 259 71 laminar
#3 28.3 81 laminar

Table 2: The considered test case conditions.

The neutral species values along the stagnation axis of the aircraft are compared with other numerical results
[7], and the maximum electron number density values at different axial positions are validated using experimental
measurements from reflectometers and electrostatic probes placed along the body [6]. The probe positions are listed in
Fig.2a and illustrated in Fig.2b.

x[m] Probes

0.045 Reflectometer antenna

0.23 Reflectometer antenna

0.70 Reflectometer antenna

1.06 Reflectometer antenna

1.23 Electrostatic rake i

(a) Probes axial coordinates (b) Probes along the body

Figure 2: Probes positions along the body

4.1 Results at Mach 23.9 and 61 km altitude

Significant chemical activity is observed on the nose of the vehicle due to higher temperatures, as clearly visible
in Fig.3a. Oxygen dissociation occurs rapidly across the shock wave and quickly completes. However, nitrogen
dissociation is only partial, which is typical during Earth entry. Analyzing Fig.3a and Fig.3b reveals no significant
differences along the stagnation axis between 7- and the 11-species models. The differences in the N, concentrations
between the Park and the Kim and Jo model likely contribute to the difference in the shock stand-off distance. More
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(a) Mass fraction along the stagnation line.
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(b) Maximum electron number density at various stations along the body.

Figure 3: Results for Mach 23.9 and 61 km altitude.

N, dissociation leads to lower temperatures, resulting in higher density and a shock wave closer to the body. When
comparing with the numerical results of Candler and MacCormack [7], the Park model tends to overestimate nitrogen
dissociation, while the Kim and Jo model slightly underestimates it. However, the Kim and Jo model aligns with
Candler and MacCormack’s results in terms of the order of magnitude of the maximum NO mass fraction. Notably,
there is a noticeable disparity in the stand-off distance, with Candler and MacCormack’s results showing a larger stand-
off distance compared to all our results. Several factors contribute to these discrepancies. Firstly, while Candler and
MacCormack [7] rely on the fitting suggested by Park [30], our model evaluates equilibrium constants using Gibbs
free energies. The effect is clearly visible in the concentrations of N, and N at the wall, where equilibrium conditions
are reached. Secondly, the backward temperatures used in our model differ from those employed by Candler and
MacCormack. Thirdly, in this specific test case, we are using a turbulence model, while Candler and MacCormack
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assume laminar flow. Lastly, our grid has a significantly finer resolution, resulting in a more accurate and less diffused
capture of the shock wave. Regarding plasma measurements, upon examining Fig.3b, it is apparent that the model based
on Kim and Jo’s chemical kinetic parameters demonstrates closer alignment with the experimental measurements.

4.2 Results at Mach 25.9 and 71 km altitude

Compared to the previous case, the chemical relaxation appears more diffuse, as shown in Fig.4a. That is primarily
due to the lower density and pressure at that altitude. Similar to the previous case, there appear to be no significant
differences on the stagnation axis resulting from the adoption of the 7- or the 11-species model. However, we observe

——N 7 species Park

——N2 7 species Park

——NO 7 species Park

—— O 7 species Park

——02 7 species Park

—=—N 11 species Park
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—=—NO 11 species Park
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——N 11 species Kim and Jo

—+—N2 11 species Kim and Jo

—+—NO 11 species Kim and Jo
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——02 11 species Kim and Jo
N Candler and MacCormack
N2 Candler and MacCormack
NO Candler and MacCormack
O Candler and MacCormack
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(a) Mass fractions along the stagnation line.
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(b) Temperatures distributions along the stagnation line.

Figure 4: Results at Mach 25.9 and 71 km altitude.
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discrepancies similar to those noticed at lower altitudes between the results obtained using the Park and the Kim and
Jo models. The Kim and Jo model predicts less pronounced nitrogen dissociation compared to the Park model, which
also predicts a lower peak in NO production. Once again, the results by Candler and MacCormack display a larger
stand-off distance. Fig.4b illustrates the temperature distributions along the stagnation axis for the different models we
tested and the results from Candler and MacCormack. It is important to underline that the modelling of internal energy
differs noticeably between our approach and that of Candler and MacCormack. The latter employs a multi-temperature
model with distinct non-equilibrium balance equations for the vibrational energies of each diatomic species and an
electron energy balance equation. Moreover, the energy exchange mechanisms in the Candler and MacCormack model
are more accurate than those in our adopted model, as they account not only for vibration-translation energy exchanges
but also for vibration-vibration, translation-electron, and electron-vibration energy exchanges. Considering Fig.4b, one
immediate observation is that Candler and MacCormack’s results show a higher temperature peak in the post-shock
region compared to our results. That is due to the fact that all relaxation phenomena in the Candler and MacCormack
data appear to occur at a slower pace than in our results, regardless of the model we adopt. Although all temperatures
converge to the boundary value at the wall, the species concentrations at the wall in our models are different, suggesting
that equilibrium was not reached. This is a puzzling outcome that will require further verification in the future. One
possibility is that the time required to reach equilibrium close to the stagnation point in these low-density conditions
is very long compared to other characteristic times, and we may not have run the simulations for a sufficient duration.
Another possibility is that in these low-density conditions, equilibrium at the wall is achieved within an extremely thin
layer that is not adequately resolved by the mesh we are using.

Regarding the electron number density along the body, it is worth noting that the results exhibit heightened
sensitivity to the adoption of a 7-species or 11-species model, as evident from the electron concentrations in Fig.5.
Interestingly, a model utilizing a mixture of 11 species yields superior results compared to the model with only 7
species. All results presented in Fig. 5 maintain consistency with the evaluation of electron number density conducted
by Candler and MacCormack [7]. Overall, the results presented in Fig.4 and 5 indicate that using an 11-species model
and the reaction rates by Kim and Jo provide numerical results that align better with experimental and numerical data.

T
——7 Species Park
——-11 species Park
——7 Species Kim and Jo L
—~—-11 Species Kim and Jo ]
Candler and MacCormack
——Reflectometers - Electrostatic Probes| |

1018

Electron Number Density [1/m 3]

10"

Figure 5: Maximum electron number density at various stations along the body at Mach 25.9 and 71 km altitude.

4.3 Results at Mach 28.3 and 81 km altitude

In the last considered flight condition, as shown in Fig.6a, it is immediately apparent that the thermo-chemical activity
is significantly diminished compared to conditions at lower altitudes. Differences in results along the stagnation axis
persist consistently. The shock wave is further diffused due to the reduced density. Even oxygen does not reach a state
of chemical equilibrium due to the limited number of collisions at that altitude. Fig.6b illustrates how the differences
among the various models are notably pronounced when it comes to the electron concentration along the body. The
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(b) Maximum electron number density at various stations along the body.

Figure 6: Results at Mach 28.3 and 81 km altitude.

results for an air composition with 7 species appear to be closer to the experimental data than those for an 11-species
gas mixture. However, an 11-species air mixture composition with the Kim and Jo model closely aligns with the
numerical reference data from Candler and MacCormack [7]. While the trends follow the experimental findings, the
thermo-chemical model based on the forward reaction rates of Kim and Jo presents better results than the others in all
previously examined cases, but only when air is considered a 7-species gas mixture.
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5. Conclusions

The primary objective of this study was to conduct a comparative analysis between two chemical kinetics models:
the widely used Park model and a recent model by Kim and Jo that incorporates reaction rate parameters obtained
from shock tube experiments and state-to-state chemistry studies. Additionally, we evaluated the models’ sensitivity to
mixture composition by conducting simulations using high-temperature air consisting of 7 and 11 species.

The results obtained from the CFD simulations were analyzed at three trajectory points relevant to the reentry
conditions of the RAM C-II flying experiment. No significant differences were observed between the 7 and 11-species
models in the stagnation region. However, the results obtained with the Kim and Jo model demonstrated better agree-
ment with the numerical data available in the literature.

Regarding the electron concentration, there were no notable differences based on the choice of mixture composi-
tion at an altitude of 61 km. At higher altitudes, where thermo-chemical activity decreases due to lower pressures and
densities, the mixture composition was found to have a significant impact on the flow field. Results obtained at the 71
km and 81 km altitudes suggest that the 11-species model generally provides a more accurate representation compared
to experimental data. For each altitude, the model incorporating more recent data exhibited a closer resemblance when
compared to both numerical and experimental result
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