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Abstract
Various issues of applied simulations of weakly ionised air flows around re-entry bodies are discussed.
Simulations are performed by Navier–Stokes equations in the multitemperature approximation. Numerical
solutions obtained with the use of different models of vibrational relaxation and dissociation are compared.
The calculated electron density around the re-entry vehicle is in a good agreement with flight data.

1. Introduction

At the first stage of design of new space vehicles, it is necessary to perform a detailed study of their aerodynamic charac-
teristics. In-flight (for example,19, 30) and ground-based tests (for example,6, 7, 11) are rather expensive and complicated
from the engineering viewpoint. A simple and affordable alternative to experimental research is numerical simulation.
Numerical studies provide a detailed analysis of all aerothermodynamic characteristics of space vehicles. However,
an accurate prediction of them implies using advanced and accurate models to describe high-enthalpy non-equilibrium
flows with strong shock waves.

Phenomena behind strong shock waves include excitation of vibrational modes of molecules, dissociation, ioni-
sation, radiation heat transfer, catalytic activity of the wall and other processes.22 In these flow regions, the translational,
rotational and vibrational temperatures of molecules are different, i.e., there is no thermal equilibrium. Under thermal
non-equilibrium conditions, the dissociation is principally different from that under equilibrium conditions: its rate de-
pends on the translational and vibrational temperatures of the dissociating molecules.3, 20 The relaxation region size can
be comparable with the characteristic scale of the problem being solved; therefore, the flow structure is significantly
affected by non-equilibrium phenomena.

Numerical simulations of high-enthalpy non-equilibrium flows can be performed on the basis of various ap-
proaches. Rarefied flows are usually simulated by the kinetic approach, e.g., by the Direct Simulation Monte Carlo
(DSMC) method.1 Both the kinetic and continuum approaches can be used for simulating near-continuum flows. The
continuum approach is usually based on the numerical solution of the Navier–Stokes equations in the multitemperature
approximation20, 22, 28 or combined with equations of state-to-state kinetics.3, 20 The approach based on the numerical
solution of the Navier–Stokes equations in the multitemperature approximation is preferable from the viewpoint of
applications. In this case, the rotational and translational modes are assumed to be in equilibrium, and only the vi-
brational mode is considered separately. This approach does not require tremendous computational resources, but it
should ensure acceptable accuracy of computations.

The key issue in numerical simulation of high-enthalpy non-equilibrium flows in the multitemperature approxi-
mation is an accurate description of vibrational relaxation and dissociation. Vibrational relaxation not only affects the
flow structure, but also largely determines the distributions of the translational and vibrational temperatures, which is
of principal importance for computing the dissociation rate. A significant portion of energy is spent on dissociation of
molecules, resulting in a decrease of temperature behind the strong shock waves around a space vehicle. An accurate
calculation of the dissociation rate leads to an accurate prediction of the heat flux on the space vehicle surface during its
re-entry, which is necessary for optimal design of promising manned vehicles. Therefore, validation of various models
of vibrational relaxation and dissociation via comparison with available flight data is an actual task.
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2. Numerical procedure

2.1 Governing Equations

Let us consider the system of Navier–Stokes equations in the multitemperature approximation (1)-(5), which describes
the motion of a chemically reacting multispecies gas mixture of of atoms and diatomic molecules (harmonic oscilla-
tors). This system is closed by the equation of state of an ideal gas (6). The motion of the gas mixture is described
by the following set of macroparameters: density ρ, mass fractions of the components Yc, velocity ~v, translational-
rotational energy Et−r, and specific vibrational energy of diatomic molecules Evibr,d. These macroparameters are found
by solving system (1)-(5):

∂ρ

∂t
+ 5 · (ρ~v) = 0 (1)

∂ρYc

∂t
+ 5 · (ρYc~v) = − 5 ·~Jc + Rreact

c , c = 1...Nc − 1 (2)

∂ρ~v
∂t

+ 5 · (ρ~v~v) = − 5 p + 5 · ( ¯̄τ) (3)

∂ρEt−r

∂t
+ 5 · (~v(ρEt−r + p)) = 5(λt−r 5 T + ( ¯̄τ · ~v)− (4)

−
Nc∑

i=1

hi~Ji) −
Nc∑

i=1

h0
i

Mw,i
Rreact

i −
Nd∑

i=1

Ėvibr,d

∂ρYdEvibr,d

∂t
+ 5 · (Ydρ~vEvibr,d − µd 5 Evibr,d) = Ėvibr,d, d = 1...Nd (5)

p = ρTR
∑

i

Yi

Mw,i
(6)

The right side of Eqs. (2) contains the source terms − 5 ·~Jc and Rreact
c , which describe the diffusion flux and the

loss/gain of the component c due to chemical reactions. Here Nc is the total number of components in the gas mixture.
It should be noted that the mass fraction is YNc = 1−∑Nc−1

i=1 Yi. In the right side of Eq. (3), p is the pressure and ¯̄τ is the
viscous stress tensor.

The right side of Eq. (4) describes the change in the translational-rotational energy due to heat conduction
(Fourier flow) λt−r 5 T , the work of friction forces (¯̄τ · ~v), diffusion

∑Nc
i=1 hi~Ji, chemical reactions

∑Nc
i=1

h0
i

Mw,i
Rreact

i , and

exchange with vibrational modes
∑Nd

i=1 Ėvibr,d. Here h0
i is the standard state enthalpy and Mw,i is the molecular weight.

Equations (5) are written for diatomic molecules whose vibrational energy is taken into account in simulations.
A total of Nd equations are solved.

The dynamic viscosity and thermal conductivity coefficients of the gas mixture are calculated by Wilke’s mixing
rule.31 The viscosity, thermal conductivity, and binary diffusion coefficients for individual components of the gas
mixture are calculated on the basis of the Hirschfelder model.10

2.2 Chemical Reactions

Chemical reactions are modelled by using a five-component (N2, O2, NO, N, and O) model of a reacting air mixture
supplemented with three ions (N+

2 , O+
2 , and NO+). The computations include the dissociation reactions

1) N2 + M → N + N + M,

2) O2 + M → O + O + M,

3) NO + M → N + O + M,

where M is a particle of an arbitrary neutral component of the gas mixture. The simulations also include the exchange
reactions
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4) O + NO→ N + O2,

5) N + NO→ O + N2,

6) O + N2 → N + NO,

7) N + O2 → O + NO,

Ionization is taken into account by including the reactions of associative ionization and dissociative recombination

8) N + O↔ NO+ + e,

9) N + N ↔ N+
2 + e,

10) O + O↔ O+
2 + e.

We consider the flow in a weakly ionized compressed layer formed under conditions corresponding to re-entry into the
Earth atmosphere with a close-to-orbital velocity. In this case, the gas near the vehicle surface is weakly ionized and
can be considered as a quasi-neutral plasma, i.e., the concentration of electrons is equal to the sum of all ions.26, 29

The chemical reaction rate of an individual component c of the mixture can be written as

Rreact
c = Mw,c

Nr∑

r=1

(ν′′c,r − ν′c,r)krCcCM (7)

where Nr is the total number of chemical reactions, ν′′c,r and ν′c,r are the stoichiometric coefficients of the products and
reagents, and Cc and CM are the molar concentrations of individual components of the mixture participating in the
reaction. For dissociative recombination reactions, we have CM = Ce =

∑
i=ions Ci. The chemical reaction rate constant

kr for non-equilibrium conditions can be presented in the general form as5

kr(T,Tv) = Zr(T,Tv) · k0
r (T ) (8)

where Tv is the vibrational temperature of the dissociating molecule, Zr(T,Tv) is the coupling factor, and k0
r (T ) =

ArT Br exp(− Ed
RT ) is the thermally equilibrium dissociation rate constant at Tv = T . In this work, it is assumed that

Zr(T,Tv) = 1 in calculating the exchange and ionization reaction rates. In view of fast e-V exchange between the elec-
trons and vibrational mode of molecular nitrogen, the translational-rotational temperature in dissociative recombination
reactions is replaced with the vibrational temperature of nitrogen.2 The coefficients Ar and Br needed for calculating
the chemical reaction rate constants are taken from.22 The rates of N2 and O2 dissociation are calculated with the use
of one of the models whose coupling factors are given below.

2.2.1 β-model of dissociation

In this model,5, 24 the molecule is simulated by a truncated harmonic oscillator, and the Boltzmann distribution of
molecules over the vibrational levels is assumed. The effective vibrational level, which is actually the dissociation
energy, differs from the dissociation energy Ed by βT (β = 1.5 is the model parameter). The coupling factor is
presented in the form

Zr(T,Tv) =
1 − exp(−θv/Tv)
1 − exp(−θv/T )

· exp
((Ed

R
− βT

) ( 1
T
− 1

Tv

))
. (9)

where θv is the characteristic vibrational temperature of the dissociating molecule.

2.2.2 Treanor–Marrone model of dissociation

Let us consider the Treanor–Marrone model17 (model of the distributed probability of dissociation), where dissociation
occurs with a certain probability from an arbitrary vibrational level of the reacting molecule. It is also assumed that the
reaction does not violate the Boltzmann distribution of molecules over the vibrational levels.

The coupling factor Zr(T,Tv) is written as

Zr(T,Tv) =
Q(T )Q(T f )

Q(Tv)Q(−U)
(10)

Q(Tm) =

(
1 − exp

(
− Ed

TmR

))
·
(
1 − exp

(
θv

Tm

))−1
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T f =

(
1
Tv
− 1

T
− 1

U

)−1

where the parameter Tm stands for one of the variables T , Tv, T f , or −U. In the present work, the parameter U is
assumed to have a constant value U = Ed/3R.

2.2.3 Macheret–Fridman model of dissociation

In the Macheret–Fridman model (model of two dissociation mechanisms with allowance for configurations of colliding
particles),16 the molecule participating in the dissociation reaction is simulated by a harmonic oscillator and a rigid
rotator. Particle interaction occurs in a pulsed mode (the collision is considered as instantaneous). It is assumed that
there are two dissociation mechanisms. The first mechanism implies dissociation from the upper vibrational levels for
vibrationally excited molecules, and the second one implies dissociation from the lower level for non-excited or weakly
excited molecules when the role of translational energy of colliding particles is essential.

This model is used to describe dissociation in the case of collisions of two homonuclear molecules or a homonu-
clear molecule with an atom. Therefore, this model is used only for calculating the dissociation reactions 1) and 2),
and only homoneclear molecules (N2, O2) or atoms are considered as collision partners M. The rates of the remaining
dissociation reactions are calculated by the Park model22 (kr(T,Tv) = Ar(

√
TTv)Br exp(− Ed

R
√

TTv
)).

The coupling factor is presented as

Zr(T,Tv) =
1 − exp(−θv/Tv)
1 − exp(−θv/T )

· (1 − L) · exp
(
−Ed

R

(
1
Tv
− 1

T

))
+ (11)

+L · exp
(
−Ed

R

(
1

Tα
− 1

T

))

where Tα = αTv + (1 − α)T and α = ( mA
mA+mM

)2, mA is the mass of the atom in the dissociating molecule, and mM is the
mass of the atom in the impacting particle.

For modelling the reaction A2 + B→ A + A + B, i.e., in the molecule–atom collision, the parameter L is chosen
in accordance with Eq. (12). In the molecule–molecule collision (A2 + B2 → A + A + B2), the parameter L is described
by Eq. (13):

L =
9
√
π(1 − α)
64

(
RT
Ed

)1−Br
(
1 +

5(1 − α)RT
2Ed

)
(12)

L =
2(1 − α)
π2α3/4

(
RT
Ed

)1.5−Br
(
1 +

7(1 − α)(1 +
√
α)RT

2Ed

)
(13)

2.2.4 Kuznetsov model of dissociation

In the anharmonic oscillator dissociation model (Kuznetsov model),13 the molecule is presented by the Morse an-
harmonic oscillator and only single-quantum vibrational transitions are considered. All particles are assumed to be
identically effective in the course of dissociation. The coupling factor is described by Eq. (14), where E∗v is the model
parameter. In the present paper, E∗v is assumed to be a constant E∗v = 0.7Ed/R:

Zr(T,Tv) =
1 − exp(−θv/Tv)
1 − exp(−θv/T )

· exp
(
E∗v

(
1
T
− 1

Tv

))
(14)

2.3 VT-exchange

The energy exchange between the translational-rotational and vibrational modes is described by the source terms in
the right sides of Eqs. (4) and (5): Ėvibr,d = Rvibr,VT

d + Rvibr,chem
d . The source term Rvibr,VT

d describes the vibrational–
translational energy relaxation and Rvibr,chem

d describes the vibrational energy loss/gain because of chemical reactions.
The translational-vibrational energy exchange is simulated by one of the two models: Landau–Teller model14

Rvibr,VT
d = ρYd

(
Evibr,d(T ) − Evibr,d(Tv,d)

) Nc∑

i=1

xi

τd,i
(15)
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or its extension to an arbitrary deviation from the thermal equilibrium state obtained by methods of the kinetic theory
of gases from the Boltzmann equation in:12

Rvibr,VT
d =

T
Tv,d

(
T − Tv,d

)
ρYdcvibr,d

Nc∑

i=1

xi

τd,i
. (16)

Here Tv,d is the vibrational temperature of the molecule of the type d, xi is the molar fraction, τd,i is the vibrational
relaxation time, and cvibr,d is the specific heat of the vibrational mode of the molecule of the type d. The vibrational
energy of the diatomic component of the gas mixture is calculated as a function of vibrational temperature in accordance
with the harmonic oscillator model. The vibrational relaxation time is calculated by the Millikan–White formula18 with
allowance for Park’s high-temperature correction.22 Vibrational relaxation of molecular nitrogen and oxygen is taken
into account in this work. The fractions of other components of the gas mixture are appreciably smaller and exert only
minor effects on the numerical solution.

2.4 Energy loss at dissociation

The vibrational energy loss/gain because of chemical reactions is calculated by using different estimations. For chem-
ical reactions of energy exchange, we always use Rvibr,chem

d = Rexchange
d Evibr,d (following4, 25). For dissociation simula-

tions, we use several different approaches in accordance with:21

Rvibr,chem
d = CdisEdRdis

d /Mw,d, (17)

or with the expression used in:4, 25

Rvibr,chem
d = Rdis

d Evibr,d. (18)

This term can be treated as follows. When a molecule dissociates, the energy equal to the dissociation energy Ed is
removed from the flow. In the non-equilibrium case, the energy Ed is taken from the translational-rotational mode, and
the other part is taken from the vibrational mode. In fact, Eq. (17) means that the energy CdisEd is taken from the
vibrational mode, and the energy (1 − Cdis)Ed is taken from the translational-rotational mode. In order to study the
effects of vibrational energy loss because of dissociation on a numerical solution, calculations were performed with
different values of Cdis: 0.3, 0.8, and (1 − RT/Ed). It should be noted that the expression for Rvibr,chem

d in the last case
reduces to the model proposed in.23

2.5 Implementation and numerical methods

System (1-5) was numerically solved by using of the ANSYS Fluent software package including user defined functions
(UDFs). The approach applied in this work was tested in;8, 27 the essence of this approach can be formulated as
follows. The equations of conservation of mass (1), (2), momentum (3), and translational-rotational energy (4) are
solved by the main solver, and the equation of vibrational conservation energy (5) of diatomic components of the gas
mixture is added by using the option of the user-defined scalar transport equation. All source terms necessary for
simulations are calculated with the use of UDFs, in DEFINE_SOURCE, and the chemical reaction rates are found
in DEFINE_VR_RATE. The boundary and initial conditions are defined in DEFINE_PROFILE and DEFINE_INIT,
respectively. In this work, the problems are solved in a steady formulation with a density-based solver (specially
developed for supersonic and hypersonic flows) with an implicit first-order upwind scheme. The fluxes through the
control volume faces are calculated by the AUSM solver.15

3. Problem formulation and boundary conditions

The flow around the RAM-C II capsule9 is considered. This capsule is a cone of length 1.295 m, apex angle 9o, and
spherical bluntness of the nose part with a radius of 15.25 cm. Figure 1 shows the computational domain and the
typical distribution of the electron density around the capsule for the flight altitude h=77 km. In the flight experiment,
the capsule surface was equipped with reflectometers (y1-y4 in Fig. 1) whose measurements were used to determine the
maximum electron density around the capsule.

The numerical simulations were performed for conditions corresponding to flight altitudes of 77, 73, and 71 km.
In all cases, the free-stream velocity was set to v∞ = 7650 m/s. The free stream was composed of molecular nitrogen
and oxygen whose molar fractions were xN2 = 78.3% and xO2 = 21.7%, respectively. The values of temperature and
density used in simulations are listed in Table 1.

5
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Figure 1: Computational domain.

Table 1: Case conditions

h, km T∞, K ρ∞, kg/m3

71 214 2.5·10−5

73 210 4.6·10−5

77 202 6.4·10−5

The inlet boundary was subjected to the above-described free-stream conditions with the pressure-far-field
boundary condition. At the outlet (right) boundary, all variables were extrapolated from the computational domain
with the use of the pressure-outlet boundary condition. No-slip conditions were imposed on the capsule surface, and
an isothermal wall with Tw = 1000 K was assumed. A uniform flow with parameters corresponding to the free-stream
conditions was taken as the initial condition, and the computation was performed until a steady state was reached.

The computations were performed on a structured hexahedral grid condensed toward the capsule to resolve the
boundary layer. The size of the computational grid used in the present computations was 70×100. For example,
for h=77 km, the distance from the left point on the axis of symmetry to the capsule was 3.3 cm. For lower flight
altitudes, the distance between the inlet boundary and the capsule was smaller. To analyse the influence of the spatial
discretization step on the numerical solution, additional computations were performed with halving the cell sizes in all
directions. The numerical solution became independent of the spatial discretization step after two iterations.

4. Results and discussion

The measurements of the electron density near the surface of the RAM-C II capsule surface can be used for validation
of dissociation and vibrational relaxation models on the basis of the following considerations. Different dissociation
models predict different molecule decomposition rates and, hence, different compositions of the gas mixture. An
increase in the fractions of nitrogen N and oxygen O atoms leads to enhancement of the associative ionization rate.
Different models also yield different terms Rvibr,chem

d affecting the vibrational temperature of molecular nitrogen, which
exerts a considerable effect on the dissociative recombination rate. Thus, the calculated electron density depends on
the chosen dissociation model.

Different models of vibrational relaxation also predict different values of the electron density near the capsule. If
vibrational relaxation in different models proceeds in different modes, the distributions of translational-rotational and
vibrational temperatures are also different, resulting in different dissociation rates. The distribution of the vibrational
temperature of molecular nitrogen affects the dissociative recombination rate, which again alters the electron density
near the capsule surface. Thus, comparing the experimental measurements of the electron density with their computed
counterpart, it is possible to validate various mathematical models of dissociation and vibrational relaxation.
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4.1 Comparison of VT-exchange models

Results computed with the use of different models of vibrational relaxation14 (15) and12 (16) are compared in this
section. Dissociation is simulated by the Macheret–Fridman model. The term Rvibr,chem

d is calculated by Eq. (17) with
Cdis = 0.8.
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Figure 2: Comparison of the fields of translational-rotational (a) and vibrational (b) temperatures predicted by different
models of vibrational relaxation for h=77 km.

The fields of translational-rotational and vibrational temperatures of molecular nitrogen around the nose part of
the capsule are compared in Fig. 2. The upper parts of the figure show the flowfields predicted by the Landau–Teller
(“LT”) model, and the lower flowfields are computed with the model of Kustova12 (“KO”) for the case of an arbitrary
deviation from the thermal equilibrium state. A bow shock wave normal to the axis of symmetry is formed upstream
of the capsule. The gas temperature drastically increases in this region behind the bow shock wave and then decreases
toward the capsule surface. This behaviour is caused by dissociation reactions, which lead to gas cooling. As the
distance from the axis of symmetry increases, the shock wave becomes curved and its intensity decreases, resulting in
a decrease in temperature behind the shock wave.

Both these models predict an almost identical stand-off distance of the bow shock wave and similar flowfields.
The greatest differences are observed behind the shock wave on the axis of symmetry. The quantitative differences
between the computations with different models of vibrational relaxation are presented in the form of distributions
along the stagnation line in Fig. 3.

A comparison of the temperature distributions along the stagnation line (Fig. 3a) shows that the KO model
predicts faster relaxation than the classical Landau–Teller model. The predicted stand-off distance of the bow shock
wave is smaller in the KO model. The electron density along the stagnation line is shown in Fig. 3b. The electron
density predicted by the KO model is greater than that predicted by the Landau–Teller model approximately by 50%.
The reason is the differences in the compositions of the mixture in these models. In the KO model, there are more N
and O atoms being formed, which is seen from Fig. 3c. As a result, ionization reactions proceed faster and a greater
number of ions are formed (see Fig. 3d).

The experimental data obtained with the use of reflectometers actually correspond to the maximum values of
the electron density around the capsule. Therefore, for comparisons with experimental data, we plotted lines normal
to the capsule surface on the numerical flowfields (e.g., lines y1-y4 in Fig. 1). The behaviour of the electron density
distributions along these lines is qualitatively consistent with the distribution along the stagnation line (see, e.g., Fig.
3b). Each distribution has a peak value of the electron density Nemax. Each maximum Nemax on the capsule surface
can be put into correspondence to the coordinate xline from which the line was drawn. The resultant dependence (xline,
Nemax) is compared with experimental data.

The peak values of density predicted by different models of vibrational relaxation and flight tests9 for different
calsule altitudes are compared in Fig. 4. It is seen that the results predicted by both models agree well with the flight
experiment. The maximum difference between the results predicted by different models of vibrational relaxation is
observed at h=77 km. As the flight altitude decreases, the distributions of the maximum electron density along the

7
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Figure 3: Distributions of translational-rotational and vibrational temperatures of molecular nitrogen and oxygen (a),
electron density (b), and molar fractions of neutral (c) and charged (d) components of the mixture along the stagnation
line predicted by different models of vibrational relaxation for h=77 km.
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Figure 4: Comparison of the predicted maximum electron density with flight experiment data for h=77 km (a), h=73
km (b), and h=71 km (c).

capsule become almost coincident.

4.2 Comparison of dissociation models

The present Section describes the results computed with the use of different dissociation models:

• β-model (indicated by β-model in the figures),

• Treanor–Marrone model (indicated by TM in the figures),
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• Macheret–Fridman model (indicated by MF in the figures),

• Kuznetsov model (indicated by Kuz in the figures).
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Figure 5: Distributions of translational-rotational and vibrational temperatures of molecular nitrogen and oxygen
along the stagnation line (h=77 km) predicted by different dissociation models: Macheret–Fridman and β-model (a),
Kuznetsov and Treanor–Marrone models (b).
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Figure 6: Distributions of the molar fractions of nitrogen (a) and oxygen (b) along the stagnation line (h = 77 km)
predicted by different dissociation models: Macheret–Fridman, β-model, Kuznetsov, and Treanor–Marrone models.

Vibrational relaxation is taken into account by using the Landau–Teller model (15). The effects of the vibrational
energy loss (term Rvibr,chem

d ) because of dissociation are taken into account by using Eq. (17) with Cdis = 0.8 for all
dissociation models.

The distributions of translational-rotational and vibrational temperatures of molecular nitrogen and oxygen along
the stagnation line predicted by different dissociation models are shown in Fig. 5. It is clearly seen that the translational-
rotational temperatures almost coincide in all calculations, but the vibrational temperatures of molecular nitrogen and
oxygen are significantly different. This difference affects the mixture composition because the dissociation rate depends
on the vibrational temperature of the dissociating molecule.

The distributions of the molar fractions of nitrogen and oxygen along the stagnation line computed with the use
of different dissociation models are shown in Fig. 6. It should be noted that the Kuznetsov model and β-model yield
fairly similar distributions, which is associated with the fact that the coupling factors of these models have an identical
form. Formula (14) transforms to formula (9) if we set E∗v = ( Ed

R − βT ). In this case, ( Ed
R − βT ) is not much different

from 0.7Ed.
The distributions of the number density of charged particles along the stagnation line (h=77 and 71 km) predicted

by different dissociation models are shown in Fig. 7. The number density of electrons Ne is approximately twice greater
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Figure 7: Distributions of the number density of charged particles along the stagnation line computed with the use of
the Kuznetsov and Treanor–Marrone dissociation models for h=77 km (a) and h=71 km (b).
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Figure 8: Comparison of the number density of electrons with experimental data for h=77 km (a), h=73 km (c), h=71
km (d). Distributions of the electron density along the stagnation line for h=77 km (b) predicted by different models.

than the number density of NO+, i.e., the contribution of ionization reactions with formation of N+
2 and O+

2 is smaller.
In all cases, the most intense generation of ions occurs in the reaction N + O→ NO+ + e because the threshold of this
reaction is lower than the thresholds of other reactions with ion formation.

The distributions of the electron density computed with the use of different dissociation models are compared
with each other and with experimental results in Fig. 8. The results predicted by all models are fairly close to the
experimental values. The greatest difference between the numerical results is observed for the altitude h=77 km, where
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the Treanor–Marrone model predicts the greatest peak of the electron density along the stagnation line (Fig. 8b). For
the altitudes h=73 km and h=71 km, all models yield almost identical distributions. It should be noted, however, that
this fact only confirms the coincidence of the peak values of the electron density. For example, it is seen in Fig. 7b that
there are differences in the distributions of charged particles along the stagnation line predicted by different models,
in terms of both positions and heights of the peaks. The difference in the peak values of the electron density is within
10%. The difference between the data measured by the first and second reflectometers is much greater than 100%;
therefore, the difference of 10% in the numerical results is almost invisible in Fig. 8c,d.

4.3 Effect of energy loss at dissociation

This paragraph deals with the effects of the vibrational energy loss (term Rvibr,chem
d ) because of dissociation on the

numerical solution. The following test cases are considered:

• Rvibr,chem
d = 0.3EdRdis

d /Mw,d (indicated by Cdis = 0.3),

• Rvibr,chem
d = 0.8EdRdis

d /Mw,d (indicated by Cdis = 0.8),

• Rvibr,chem
d = (1 − RT/Ed)EdRdis

d /Mw,d (indicated by Cdis = (1 − RT/Ed)),

• Rvibr,chem
d = Evibr,dRdis

d (indicated by Evibr,d).

Vibrational relaxation is taken into account by using the Landau–Teller model, and the dissociation rate is calculated
by the Macheret–Fridman model.

Figure 9 shows the results for h=77 km calculated with different values of Rvibr,chem
d . Significant variations of

Rvibr,chem
d in a wide range lead to changes in the distributions of the molar fractions of nitrogen (Fig. 9a) and oxygen

(Fig. 9b), and of the electron density (Fig. 9c) along the stagnation line. The reason is the influence of Rvibr,chem
d

on the distributions of translational-rotational and vibrational temperatures. A change in the temperature distribution
affects the vibrational relaxation rate. As a result, the molecule decomposition rate becomes different even if the same
dissociation model is used, resulting in different compositions of the mixture. According to Eq. (15), the vibrational
relaxation rate depends on the mixture composition; therefore, the above-described effect is additionally enhanced.

The calculated peak values of the electron density for different values of Rvibr,chem
d differ by less than twofold

(see Fig. 9c). Such changes do not lead to significant differences with experimental data, as is shown in Fig. 9d.
This comparison shows that even a simple estimate of the vibrational energy loss due to dissociation can be used for
calculating the electron density around the re-entry vehicle.

5. Conclusions

A weakly ionized air flow around the RAM-C II re-entry capsule is numerically studied. A model of vibrational
relaxation generalizing the classical Landau–Teller formula and derived from the Boltzmann equation by methods of
the kinetic theory of gases is used for the first time. This model predicts faster vibrational relaxation and a different
electron density around the capsule at the altitude of 77 km (as compared to the classical Landau–Teller model); at
lower flight altitudes, the results predicted by different models of vibrational relaxation are fairly close to each other.

The results obtained with the use of different two-temperature models of dissociation are in good agreement with
experimental (flight) data. The greatest differences in the numerical solutions obtained with different dissociation mod-
els are observed for the flight altitude of 77 km. These differences become smaller as the flight altitude decreases owing
to reduction of gas rarefaction and to smaller influence of non-equilibrium effects. For this reason, it is impossible to
conclude which model is the most precise one.

The effect of the energy loss in dissociation reactions on the numerical solution is studied. It is shown that even
the simplest and numerically efficient models can be used in applied simulations for calculating the electron density
around re-entry vehicles entering the Earth atmosphere with speeds close to the orbital velocity.
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