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Impact of non-equilibrium chemical kinetics on
communication blackout characterization

for a hypersonic entry vehicle

By S. M. Jo† AND C. T. Williams

The present study provides detailed computational analysis of the impact of non-
equilibrium chemical-kinetic models on the characterization of radio communication
blackout around a hypersonic atmospheric entry vehicle to Mars. Species electronic
master equations are coupled to the reactive Navier-Stokes equations to yield a high-
fidelity representation of electronic energy transfer, which is critical to the free-electron
productions and, thus, prediction of blackout in high-Mach flows. Comparisons with a
conventional two-temperature model reveal that the state-resolved approach predicts sig-
nificantly higher free-electron production, resulting in disparate trends in the expected
signal attenuation. Motivated by these discrepancies, we propose improvements to the
nominal two-temperature approach, informed by detailed master-equation analyses. In-
troducing physical source terms to the energy conservation equations, the proposed two-
temperature modifications significantly improve the prediction of electron number densi-
ties in non-equilibrium conditions, without any significant increase in computational cost.

1. Motivation and objectives

In hypersonic flight, the high-temperature shock layers enveloping aerospace vehicles
are subject to several finite-rate thermochemical processes, such as internal-energy exci-
tation, chemical dissociation and ionization. Progression of the various thermochemical
processes in the shock-heated, calorically non-perfect gas ultimately affects not only the
aerothermal heating at the vehicle surface, but also the attenuation of communication
signals by shock-layer free electrons (Park (1989)). This radio communication blackout
hinders the exchange of information between ground control, satellites, and hypersonic
vehicles, introducing significant uncertainty in space exploration mission design. For these
atmospheric entry flows, thermochemical states remain strongly out of equilibrium, with
the characteristic relaxation timescales comparable to that of convective transport. As
such, accurate numerical predictions of communication blackout for hypersonic flight ve-
hicles in these conditions rely sensitively on the fidelity of the chemical-kinetic modeling.

Existing studies on rovibrational energy transfer in hypersonic flows (Jo et al. (2022);
Torres & Schwartzentruber (2024)), as well as dissociation (Venturi et al. (2020)) and
ionization (Jo et al. (2019); Brandis et al. (2020)), have demonstrated strong coupling
among the thermal and chemical non-equilibrium processes. However, existing studies
on the numerical characterization of radio communication blackout phenomena have
largely focused instead on the development of ray-tracing-based numerical frameworks
(Giangaspero et al. (2023)), or the sensitivity to chemical reactions under a nominal
two-temperature (2T) approach (Papajak et al. (2024)). Given the inherent equilibrium
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assumption invoked in 2T modeling paradigms, their validity in accurately representing
free-electron production remains unproven.

To characterize the sensitivity of computational blackout predictions, the present study
details direct simulations of Martian atmospheric entry utilizing a fully coupled compu-
tational framework, comprising electronic master equations together with the reactive
Navier-Stokes equations. Refining possible reaction pathways for high-lying energy levels
near the ionization limit, the master-equation approach provides a higher-fidelity predic-
tion of free-electron production relative than conventional 2T approximations. To assess
the impact of this free-electron production on characterizations of radio communication
blackout, the present study considers the entry flow around the Mars2020 capsule ge-
ometry, for which a severe blackout period has been identified (Morabito et al. (2021)).
The fidelity of legacy 2T models in representing ionization processes is then evaluated
via comparison with the state-resolved numerical simulations, in terms of both predicted
electron number densities and signal attenuation. To rectify the identified deficiencies
in the baseline 2T approach, a model improvement is then proposed by deriving self-
consistent physical source terms, informed by state-resolved calculations.

The remainder of this report is organized as follows: Section 2 describes modeling de-
tails of the non-equilibrium processes, including the governing equations and the chemical-
kinetic database. Section 3 summarizes key findings, highlighting the impact of the phys-
ical models in characterizations of radio communication blackout. Section 4 proposes
an improved physical-modeling strategy informed by the master-equation approach, and
finally, Section 5 provides concluding remarks.

2. Modeling of non-equilibrium chemical-kinetic processes

2.1. Conservation equations

A continuum description of thermochemical non-equilibrium is utilized in the present
study, consisting of species electronic master equations coupled with the Navier-Stokes
equations to enable a direct description of species non-Boltzmann electronic population
distributions. For each bulk species (e.g. CO2) and selected species electronic states (e.g.
N2

(
X1Σ+

g

)
, N2

(
A3Σ+

u

)
, etc.), the conservation of mass for component i reads

∂ρi
∂t

+∇ · (ρiu) = −∇ · (ρiU i) + ẇi, (2.1)

where ρi, U i and u correspond to the component partial density, component diffusion
velocity and bulk velocity vector, respectively. Formulated in terms of the number density,
ni, the chemical production rates, ẇi, are given by

ẇi
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∂ni
∂t

)

col

, (2.2)

where k denotes a reaction rate coefficient for a particular fundamental process. In this
formulation, electronic-state-resolved excitation (kij), de-excitation (kji), ionization (kIi ),
dissociation(kDi ) and recombination (kIRi and kDRi ) processes through electron (e) and
heavy-particle (M) impacts are directly represented. As such, non-Boltzmann electronic-
state distributions can be directly obtained by integrating Eq. (2.1). Together with the
pseudo- and macroscopic species continuity equations, the numerical solutions likewise
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entail integration of the momentum and energy conservation equations, under the ap-
proximation that rotational and vibrational energy modes remain in Boltzmann states
characterized by the respective temperatures, Ttr and Teev. In the case that the i-th
component represents a bulk species, ẇi is directly evaluated with the baseline 2T model
(Park (1989)).

The energy conservation equations are formulated in a manner closely resembling the
nominal 2T approach, while excluding the species electronic energy modes from the
electron-electronic-vibrational energy (Eeev) pool, as the electronic energy is instead
evolved according to the electronic master equations given by Eq. (2.2). The present
formulation neglects the energy-exchange rates due to radiative transitions based on the
findings of Brandis et al. (2020), resulting in only collisional contributions, as denoted
by (∂ni/∂t)col in Eq. (2.2). In this formulation, thermodynamic properties are calculated
directly from the partition function and its derivatives. Electronic contributions to the
transport properties, such as viscosity and thermal conductivity, are first computed for
the bulk species. Then, the species-specific properties are Boltzmann-distributed across
the electronic states to estimate the state-specific components. Integration of the con-
servation equations is performed with the solver hegel (Munafò et al. (2024)), which is
based on a multi-block structured finite-volume method.

2.2. Chemical-kinetic database

Two different chemical-kinetic databases for the Martian atmosphere have been con-
structed for the present study: the first for the baseline 2T model and the latter for the
electronic-master-equation approach. Nineteen bulk species, N, O, C, CO, CO2, C2, CN,
N2, NO, O2, NO+, CO+, CN+, C+, O+

2 , O+, N+, N+
2 and e−, are considered to de-

scribe the chemical-kinetic processes in the Martian atmosphere. The nominal 2T model
largely consists of the reaction-rate coefficients from Johnston et al. (2012), but the pre-
viosuly missing charged-species interactions have now been included in the present work.
In total, 49 chemical reactions among the bulk species, representing heavy-particle and
electron-impact dissociation, neutral and charge exchange and associative or electron
impact ionization, are considered in the baseline 2T model.

In the electronic-master-equation approach, the chemical-kinetic processes are ex-
tended to the pseudo-species (i.e. the electronic states) to describe electronic-energy
transfer and ionization with improved physical self-consistency. The considered electronic
energy states are presented in Table 1; the electronic-energy modes of the bulk species
not included in Table 1 are assumed to be Boltzmann-distributed at the temperature
Teev. In total, 71 species continuity equations, including both pseudo- and macroscopic
species, are considered in the master-equation model. The electronic levels of the atomic
species, N, O and C, are grouped based on the multi-group maximum entropy principle
(Liu et al. (2015)) to reduce the computational cost, decreasing the size of the mass
matrix for the system. As such, 8 states are utilized to collectively represent 38, 32 and
22 electronic levels for atomic N, O and C, respectively.

The state-specific collisional transition rate coefficients in Eq. (2.2) are taken from
several sources (Park (2008a,b); Johnston et al. (2012); Jo et al. (2019), etc.) and have
been validated directly against non-equilibrium radiation measurements (Cruden et al.
(2012)). In total, 1172 kinetic processes are modeled in the electronic-state-resolved ap-
proach.
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N 1 − 38 grouped into 1 − 8
O 1 − 32 grouped into 1 − 8
C 1 − 22 grouped into 1 − 8

CO 1 − 6
(
X1Σ+, a3Π, a′3Σ+, d3∆, e3Σ−,A1Π

)
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g , a
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u , d
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1Πg

)

CN 1 − 5
(
X2Σ+,A2Π,B2Σ+, a4Σ+,D2Π

)

N2 1 − 6
(
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g ,A
3Σ+

u ,B
3Πg,W

3∆u,B
′3Σ−

u , a
′1Σ−

u

)

N+
2 1 − 5

(
X2Σ+

g ,A
2Πu,B

2Σ+
u ,D

2Πg,C
2Σ+

u

)

O2 1 − 4
(
X3Σ−

g , a
1∆g, b

1Σ+
g , c

1Σ−
u

)

NO 1 − 5
(
X2Π, a4Π,A2Σ+,B2Π, b4Σ−)

Table 1. Species electronic levels considered in the electronic master equation.

3. Influence of chemical-kinetic models

To assess the sensitivity of blackout predictions to non-Boltzmann chemical kinetics,
the hypersonic flow around the Mars2020 capsule geometry is numerically simulated
using the two different physical models described in Section 2. The physical models are
integrated into the physico-chemical library plato (Munafò & Panesi (2023)) to describe
the fundamental chemical-kinetic processes with flexibility. Apart from the chemical pro-
duction source terms, as well as the transport of the additional pseudo-species, the dis-
cretization and numerical solution procedures of the conservation equations remain fully
consistent for both physico-chemical models. Numerical integration of the conservations
equations is performed with a fourth-order accurate explicit time integration scheme,
inviscid fluxes are evaluated with a second-order accurate AUSM+-UP (Liou (2006))
scheme and diffusive fluxes are evaluated with second-order central differencing. Geo-
metric representation of the entry vehicle is provided by a multi-block structured grid
topology, which includes the forebody and the wake region around the capsule, resulting
in the construction of five blocks. In total, 260,180 cells are included in the computa-
tional domain. The freestream conditions are taken from the Mars2020 mission scenario,
in which severe communication blackout has been identified: The chemical composition is
96% CO2 and 4% N2 on a molar basis, while the flight speed and ambient static pressure
are given by 5.3 km/s and 4.43 Pa, respectively. As the focus of the present study is
the role of non-equilibrium ionization kinetics, transition to turbulence is precluded in
the present calculations on the basis of the fully two-dimensional axisymmetric represen-
tation; analysis of the potential coupling between turbulent fluctuations and ionization
processes is therefore deferred to future work.

Predicted free-electron number densities (ne−) are provided in Figure 1 for both the
baseline 2T and state-resolved electronic-master-equation (StS) models, together with
the definitions of the four lines-of-sight (LOS) relevant for radio communication. In par-
ticular, LOS-1 and LOS-2 correspond to the stagnation and shoulder lines, while LOS-3
and LOS-4 transect the wake region where the radio communication blackout is usually
measured in flight experiments (Morabito et al. (2021)). Variation of the free-electron
number densities along these LOS is presented in Figure 2 as a function of distance
from the vehicle surface, s. At the selected conditions along the flight trajectory, the StS
approach predicts a significantly larger degree of free-electron production, resulting in
more severe attenuation of the communication signal. In the vicinity of the wake, the
StS-predicted ne− exceeds the critical value, nce− = 2×1015 m−3, estimated based on the
local refractive index. On the basis of the StS results, then, a radio signal propagating
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Figure 1. Comparison of free-electron number density distributions between the electronic–
master equation (top) and nominal 2T (bottom) models. The various lines-of-sight (LOS) are
represented as green dashed lines.
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Figure 2. Comparisons of the free-electron profiles along with the lines-of-sight. (a) LOS-1, (b)
LOS-2, (c) LOS-3 and (d) LOS-4. The critical electron number density is denoted by the blue
dashed lines.

Figure 3. Signal propagation (green solid lines) overlayed on the free-electron number den-
sity contours, as predicted by the electronic-master-equation (left) and nominal 2T (right) ap-
proaches.

from the vehicle antenna is expected to be refracted, hindering any satellite communica-
tion through the wake. In contrast, the predicted peak electron number density from the
2T approach remains below its critical value in the vehicle wake, erroneously implying
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that radio communication would remain relatively unimpeded by the ionization processes.
This discrepancy of the reduced-fidelity 2T predictions with the corresponding StS results
can in part be attributed to the inherent physical assumptions that the energy removal
by dissociation/ionization processes is effectively nonpreferential and that the internal-
energy modes, though characterized by separate temperatures, remain well-described by
Boltzmann statistics. The StS does not rely on this equilibrium approximation for the
electronic energy, and hence more accurately captures the preferential behavior of ioniza-
tion, dissociation, and electronic-energy-transfer processes. At these atmospheric entry
conditions, accurately representing this preferential behavior proves crucial, as will be
shown in Section 4. Therefore, the legacy 2T approach introduces significant errors in its
predictions of the free-electron number densities in the wake.

To directly assess the impact of predicted free-electron number densities on signal prop-
agation from the vehicle’s backshell antenna, numerical solution of the Eikonal equation
is performed with a finite-volume approach utilizing an unstructured grid topology with
the same geometry as the entry flow-field computations. In the present study, the ra-
dio frequency is taken to be a constant value, uniformly distributed along the vehicle’s
backshell for simplicity. Figure 3 presents the simulated radio-signal attenuation around
the wake region given the predicted electron number densities from the 2T and StS ap-
proaches. In the case of the nominal 2T model, the emitted signal is able to cross the
shock layer, owing to the relatively lower predicted electron number densities. For the
StS approach, however, the signal is shown to experience significant attenuation instead,
indicating that a high-fidelity description of non-equilibrium chemical kinetics proves
crucial for accurate radio communication blackout characterization at these atmospheric
entry conditions.

4. Physics-informed modification to the 2T model

Based on the discrepancies identified in Section 3, we now turn to improving the self-
consistency of the nominal 2T model. This is achieved by leveraging physical information
from electronic-master-equation simulations to provide a modification to the 2T model.
The model improvements are realized by parameterizing electronic non-Boltzmann be-
havior in such a way that it can be embedded within a standard 2T framework. The
modified 2T source terms therefore take the form

ẇ∗
eev = ẇeev +

∑

i

Eel,i (Ttr)− Eel,i (Teev)

τel−t
+

REI∑

r

ωrIrNaϵ
I,e
s +

RED∑

r

ωrDrNaϵ
D,e
s , (4.1)

where ẇ∗
eev and ẇeev are the modified and the nominal production rates of the electron-

electronic-vibrational energy pool, Eeev. The second right-hand-side term describes en-
ergy transfer between the species electronic (Eel) and translational energy modes, ap-
proximated as a first-order rate formulation with relaxation time parameter τel−t. The
third and fourth terms model the preferential behavior of the electron impact ionization
and dissociation by introducing the average electronic energy removal ratios, ϵI,es and
ϵD,es , where ωr is the reactive source term for reaction r. REI and RED denote the reac-
tions sets for electron-impact ionization and dissociation, respectively. Ir, Dr and Na are
the species ionization and dissociation potentials for species r, and Avogardro’s number,
respectively.

An ensemble of zero-dimensional state-resolved simulations is performed to simulate
the thermal relaxation of the electronic energy modes, from which the characteristic re-
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Figure 4. Characteristic electronic-translational energy transfer relaxation time pτel−t.

laxation times pτel−t can be determined utilizing e-folding. These characteristic electronic
relaxation times are provided in Figure 4 as a function of the translational temperature
for the selected collision pairs in the Martian atmosphere. To represent the strongly non-
monotonic behavior in pτel−t with respect to translational temperature, a five-parameter
curve-fitting approach, typically employed for describing equilibrium constants (Park
(1989)), is utilized. The average electronic energy removal fractions for electron-impact
ionization, as well as dissociation by the free-electron and heavy-particle impacts, are
presented in Figure 5. These parameters represent the energy loss/gain, compared to the
average energy potentials (i.e. ionization and dissociation potentials), during the par-
ticular chemical reactions. ϵDs is shown to approach a plateau in the high-temperature
region, whereas ϵIs remains monotonically decreasing. Underlying the evaluation of these
energy removal ratios is the assumption that the electronic-state populations are in a
quasi-steady state(QSS) (Park (1989)), with Figure 6 comparing the electron-impact
ionization rate coefficients with the literature data (Park (1989); Gokcen (2007)). The

QSS rate coefficients kI,eQSS differ from factor 2 to two orders of magnitude compared with
the reference data. By implementing the present QSS rate coefficients into the modified
2T model, then, one can replicate the corresponding chemical-reactive source terms of
the StS approach.

Incorporating both the electronic relaxation and preferential energy release terms into
Eq. (4.1) to construct the modified 2T model, preliminary verification is performed in a
pure-nitrogen system, with both compressing (i.e. shock-heated) and expanding (i.e. re-
combining) scenarios. In the compression case, the spatial marching initial conditions are
specified following the Rankine-Hugoniot relations for a 15 km/s normal shock in 5 Pa.
Meanwhile, in the recombining case, a 0D isothermal chemical reactor at 4000 K is ini-
tialized with a non-equilibrium temperature of 20 000 K, replicating the thermodynamic
states observed in the wake region. The computational results for both the shock-heated
and recombining cases are presented in Figure 7, confirming that the additional physi-
cal source terms, informed by the StS approach, improve the predictive accuracy of the
2T model framework in describing the non-equilibrium behavior of the electronic en-
ergy transfers. The mole fractions of the free-electron Xe and the charged species are
better reproduced by the modified 2T model, without incurring any significant increase

235



Jo & Williams

T
e
 [K]

ε
sI
,
e

 [
­]

N­e

O­e

C­e

H­e

T
x
 [K]

ε
sD

,
x

 [
­]

N
2
­e, N

2

+
­e

N
2
­M

N
2

+
­N

N
2

+
­N

2

Figure 5. Expected electronic-energy removal ratios due to electron-impact ionization (top),
as well as electron and heavy-particle impact dissociation (bottom).
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Figure 6. Comparison of the macroscopic electron-impact ionization rate coefficients.

in computational cost. Nevertheless, a certain level of discrepancy still persists (e.g. x
near 0.0015 m in the top panels of Figure 7) that may arise from the inherent physi-
cal approximations of the 2T model, namely, assuming equilibrium between the species
electronic and free-electron energy modes. Assessing the relative impact of intrinsically
non-Boltzmann effects relative to electronic/electron non-equilibrium requires further
investigation and will be the focus of future efforts.

5. Conclusions

This work presents an in-depth analysis of the influence of non-equilibrium chemical-
kinetic models on the characterization of radio communication blackout around a hy-
personic vehicle entering the Martian atmosphere. Detailed physico-chemical modeling
of the highly ionized flow is realized by combining the compressible Navier-Stokes equa-
tions with state-resolved master-equations to describe ionization and species electronic
energy transfer. In comparison with this state-resolved treatment of the electronic energy
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Figure 7. Verification of the modified 2T model for the compressing (top, post-normal shock)
and expanding (bottom, 0D isothermal reactor) scenarios. The StS reference results are repre-
sented by black solid lines with yellow circles, while the modified and baseline 2T approaches
are denoted by red and blue solid lines, respectively.

modes, the standard 2T approach is shown to significantly mispredict free-electron pro-
duction and, as a result, communication blackout. To address this limitation, a series of
physics-informed modifications are introduced to the source terms in the non-equilibrium
energy conservation equation, informed by the state-resolved master equation analyses.
Further numerical simulations ultimately demonstrate significant improvements in the
predictive accuracy of the modified 2T model in terms of charged-species concentrations
in hypersonic plasmas.
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