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Abstract

Detailed knowledge regarding the thermophysical properties and electrical conductivity
of the combustion products derived from solid propellants is essential for the optimized
design and operation of solid-fuel rocket engines employing magnetohydrodynamic drive
technology. However, the high-temperature and high-pressure environment prevailing
during rocket operation makes the experimental measurement of these characteristics
extremely difficult, while the ionization reactions obtained by adding ionization seeds
containing cesium to solid propellants for increasing the electrical conductivity of gaseous
combustion products makes the theoretical calculation of these characteristics extremely
problematic as well. The present work addresses these issues by constructing a minimum
Gibbs free energy constraint function in conjunction with the Debye–Hückel correction
under the condition of ionization to calculate the equilibrium components of combus-
tion products. The obtained equilibrium components are then applied in conjunction
with Lennard–Jones potential energy theory and the Champan–Enskog framework to ap-
proximately calculate the specific heat, viscosity coefficient, and thermal conductivity of
propellant gases over a wide range of temperatures and pressures. The Kantrowitz model is
proposed to solve the electrical conductivity of combustion products. Finally, the accuracy
of the numerical calculations is validated through the Langmuir probe experiment. The
discrepancy between calculated and measured electron density decreases with increasing
temperature and remains within 5% when the combustion product temperature exceeds
approximately 1800 K. The validity of the proposed framework is demonstrated by examin-
ing the effects of temperature, pressure, and ionization seed content on the thermophysical
properties and electrical conductivity of the combustion products derived from tri-base
solid propellant with cesium atoms employed as ionization seeds.

Keywords: thermophysical properties; electric conductivity; propellant; ionization seeds;
Langmuir probe

1. Introduction
Detailed knowledge regarding the thermophysical properties of solid-propellant com-

bustion products, such as specific heat, viscosity coefficient, and thermal conductivity, is a
prerequisite for evaluating the propulsion performance of solid-fuel rocket engines, and
these properties have important applications in engine design and optimized propellant
formulation [1,2]. Moreover, engines employing magnetohydrodynamic (MHD) drive
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technology involve electrically conductive combustion products for which the accurate
acquisition of electrical conductivity is essential. However, the high-temperature and
high-pressure environment prevailing during rocket operation makes the experimental
measurement of these characteristics of combustion products extremely difficult. In ad-
dition, these efforts are further complicated by the technology of increasing the electrical
conductivity of gaseous combustion products via the ionization reactions obtained by
adding ionization seeds containing cesium to solid propellants, which has been widely
used in MHD power generation [3], performance optimization of pulse detonation en-
gines [4], and magnetically controlled thermal protection of reentry vehicles [5]. These
complications make theoretical and numerical computations important means of obtaining
the above characteristic parameters.

The theoretical calculation of thermophysical properties for solid-propellant combus-
tion products is generally conducted based on the solutions to the equilibrium product
fractions in the solid-propellant combustion products. Therefore, the accuracy of the ob-
tained combustion product component solutions is of particular importance for calculating
reliable thermophysical properties. The main methods currently employed for solving
the equilibrium components of chemical reactions mainly include the chemical equilib-
rium constant method [6], the Brinkley method [7], and the minimum Gibbs free energy
method [8]. Among these methods, the minimum Gibbs free energy method does not
require the construction of complex chemical reaction equations and does not involve the
selection of chemical reaction equilibrium constants. Therefore, this method is more user-
friendly and offers improved accuracy compared with the other two methods. However,
the electrically conductive combustion products produced in conjunction with ionization
reactions also contain ionized electrons and ions in addition to neutral particles. Accord-
ingly, the need to consider the ionization process of the gas in the equilibrium component
solution leads to a more complicated construction and solution process for the minimum
Gibbs free energy function.

Once the equilibrium components of solid-propellant combustion products have been
determined, a variety of theoretical approaches have been applied for evaluating their
corresponding thermophysical properties. For example, Xu and Yuan [9] calculated the
specific heat, specific enthalpy, and other thermodynamic parameters of coal combustion
products using gas mixing theory based on equilibrium components obtained using the
chemical equilibrium constant method. Glascock et al. [10] calculated the specific enthalpy,
specific heat, and other thermodynamic parameters for the combustion products of an
electric solid propellant using thermodynamic methods in conjunction with combustion
product fractions calculated at atmospheric pressure based on the minimum Gibbs free
energy method. Kayadelen [11] developed a multi-featured combustion model consid-
ering equilibrium constants, and solved the model using the Newton-Raphson iterative
method to obtain the fuel combustion product fractions and corresponding thermodynamic
parameters with respect to temperature, pressure, and equivalence ratio.

The theoretical methods developed for calculating the electrical conductivity and other
electrophysical parameters, such as electron mobility, of a thermally ionized plasma include
the direct solution of the Boltzmann equation method, the semi-empirical model method,
and the Boltzmann equation approximation method. Considering the direct solution of the
Boltzmann equation and semi-empirical model methods, we note that the direct solution of
the Boltzmann equation is the more precise of the three methods, although this approach
is less computationally efficient, and typically requires a computation time that is 5 to
8 orders of magnitude greater than that of the semi-empirical model method [12]. As
a result, this method is mainly used for air plasma or arc plasma under low pressure
conditions, and is accordingly ill-suited to the severe operating environment prevailing
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during rocket operation. The semi-empirical model method usually obtains semi-empirical
formulas for the electrical conductivity of a thermal plasma with respect to temperature,
pressure, and other parameters by fitting to the results of experimental measurements
or theoretical calculations. These semi-empirical formulas of the electrical conductivity
make use of a wide range of models. For example, the Otsu model fits the electrical
conductivity as a power function of temperature [13]. The Raizer model fits the electrical
conductivity as an exponential function of temperature [14]. The Spitzer-Harm model fits
the electrical conductivity as a function of the gas temperature and electron density under
the assumption that the ions in the plasma are stationary and do not collide with each
other, while ignoring the collisions between electrons [15]. The Chapman-Cowling model
considers the collision cross-section between particles based on the Boltzmann distribution
and the binary diffusion model, and is generally used to describe weakly ionized gases. For
example, Fu et al. [16] applied the Chapman-Cowling model in conjunction with the Saha
equation to calculate the electrical conductivity of a helium plasma in the high temperature
range of 104–105 K.

Although the Spitzer-Harm and Chapman-Cowling models consider the electron
density in the plasma, they ignore changes in the pressure. Therefore, these models are
generally not applicable to the extremely high-pressure environment prevailing during
rocket operation. These issues have been addressed by the Kantrowitz model, which takes
the equilibrium components of the combustion products as the basis of calculation, and
considers collisions between electrons and neutral particles and between electrons and
ions based on migration collision theory [17]. For example, Bedick et al. [18] applied the
Kantrowitz model to calculate the electrical conductivity of the combustion products of
an oxygen fuel containing potassium carbonate ionization seeds. On the other hand, the
accuracy of the Kantrowitz model is also quite limited by its requirement for accurate
collision cross-section data between the different plasma components, which is difficult to
obtain, particularly after adding ionization seeds to the propellant because this introduces
alkali metal atoms and their compounds in the combustion products in addition to conven-
tional components composed of C, H, O, N, and other elements. As can be seen, while the
semi-empirical model method is computationally efficient, no single semi-empirical model
is applicable to all possible application scenarios. Hence, model selection is challenging
aspect of the method because models can provide inaccurate results. For example, Bisek
et al. [19,20] applied the Raizer, Chapman-Cowling, and 2nd order polynomial response
surface (PRS) models for evaluating the thermal protection performance of the leading
edge of hypersonic vehicles, and found that the conductivities calculated from different
empirical formulations differed by more than an order of magnitude.

In contrast to the direct Boltzmann equation solution method and the semi-empirical
modeling method, the Boltzmann equation approximation method generally approximates
the solution of the multi-integral differential Boltzmann equation using Chapman-Enskog
theory to expand the velocity distribution function into a finite degree of the Sonine
polynomials, and ultimately obtain the electrical conductivity via the charge transport
parameters of the plasma [21]. For example, Askari et al. [22] applied the Boltzmann
equation approximation method to calculate the electrical conductivity of hydrogen/air
and methane/air thermal ionization plasmas. This method was also applied to evaluate
the electrical conductivity of various local thermodynamic equilibrium plasmas over wide
temperature and pressure ranges, such as for plasmas in the Martian atmosphere [23], air
plasma containing silicon compounds [24], and air plasma at atmospheric pressure [25].
Similarly, Bruno et al. [26,27] applied the Boltzmann equation approximation method to
calculate the electrical conductivity of air and argon plasmas under the influence of a
magnetic field. Schulz et al. [28] applied this method to calculate the electrical conductivity
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of the detonation products of an H2/O2/N2 mixture containing potassium salts. These
results demonstrated that even the addition of 1.25 mol% potassium salt was capable
of increasing the electrical conductivity of the combustion products by five orders of
magnitude at a detonation temperature of around 3000 K.

The above discussion provides a detailed description of the solution process for the
combustion composition and electrical conductivity of propellants containing ionization
seeds, where the accuracy of electron density directly determines the precision of the con-
ductivity calculation [29]. The accuracy of the numerical results can be further verified by
comparing the experimentally measured electron density of the conductive combustion
gas fluid with the calculated results. Currently, testing methods for plasma electron density
generated by combustion mainly include contact diagnostic methods [30] and non-contact
diagnostic methods [31]. Among these, non-contact diagnostic methods primarily involve
emission spectroscopy, which offers high spatial resolution, but the absolute sensitivity
calibration of the spectrometer and signal transmission can lead to systematic errors. Con-
tact diagnostic methods mainly refer to the Langmuir probe method. This approach is
simple to operate, highly mature, and well-suited for both normal and high-pressure envi-
ronments, making it the most commonly used method for diagnosing plasma temperature
and electron density.

The present work addresses the above-discussed limitations in current efforts to calcu-
late the thermophysical properties and electrical conductivity for the combustion products
of a solid propellant with ionization seeds. Firstly, the minimum Gibbs free energy method
is employed for solving the equilibrium components of chemical reactions, where the need
to consider the ionization process of the gas in the equilibrium component solution is
addressed by constructing a minimum Gibbs free energy constraint function that applies
the Debye-Hückel correction, and the exterior point penalty function method is finally
applied to solve the equilibrium components of the combustion products. Furthermore,
Lennard-Jones potential energy theory and the Champan-Enskog approximation frame-
work are applied to calculate the parameters of combustion products, such as constant
pressure specific heat, viscosity coefficient, and thermal conductivity, over a wide tem-
perature range of 400–4000 K and pressures of 0.1–500 MPa. The Kantrowitz model is
applied to calculate the electrical conductivity of combustion products in conjunction with
improved momentum transfer cross-section data between particles. Finally, the accuracy
of the numerical calculations is validated through the Langmuir probe experiment. The
proposed framework is evaluated for solid propellant using cesium atoms as ionization
seeds by examining the effects of temperature, pressure, and ionization seed content on the
thermophysical properties and electrical conductivity of the combustion products.

The innovation of this study is primarily reflected in the following three aspects.
First, for the combustion products of cesium-seeded solid propellants, a comprehensive
computational framework integrating Gibbs free energy minimization, Chapman–Enskog
transport theory, and the Kantrowitz conductivity model has been established. Second,
the Kantrowitz model was extended by incorporating newly compiled and fitted electron–
neutral momentum-transfer cross-section data covering a broad temperature range of
400–4000 K. Last, the predicted electron density was systematically validated using Lang-
muir probe experiments, providing experimental support for the study of material proper-
ties in cesium-containing propellant combustion products.

The remainder of this paper is arranged as follows. Section 2 presents the method
applied for calculating the equilibrium components of the combustion products of pro-
pellants containing ionization seeds. Section 3 presents the method applied for solving
for the thermal and electrical conductivity characteristics of combustion products. The
validity of the proposed framework is demonstrated in Section 4 by its application to a
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solid propellant as an example. the accuracy of the numerical calculations is validated
through experiments In Section 5. Finally, the paper is concluded in Section 6.

2. Solving the Equilibrium Components of Propellant
Combustion Products

This study employs a tri-base propellant with the chemical formula C22.4859H28.7758

O35.5363N9.4866. To enhance the electrical conductivity of the combustion products, a small
amount of cesium salt ionization seed with a lower ionization potential (3.89 eV) is added
to the propellant, as it ionizes more readily at high temperatures. The additive is incor-
porated at mass fractions ranging from 0% to 20%. Initially, the equilibrium combustion
composition, including electron density, is calculated. Considering the Debye-Hückel
correction under ionization conditions, the minimum Gibbs free energy constraint function
is constructed as follows [32]:

min f (n) =
G

R0T
=

Lκ

∑
j=1

ϑc
j

R0T
nj +

Nκ

∑
j=Lκ+1

ϑ
g,Φ
j

R0T
+ ln nj + ln P − ln ng −

e2Z2
j

8πε0kBTλD

nj (1)

Here, G is the Gibbs free energy of the reaction system, R0 is the ideal gas constant, T
is the combustion reaction temperature, Lκ is the number of species of condensed phase
components in the combustion products, where components j = Lκ+1 to Nκ represent the
gas phase components. In addition, ϑc

j is the chemical potential of the condensed phase
components in the combustion products and nj is the number of moles of component j in

1 kg of reactant, while ϑ
g,Φ
j is the chemical potential of 1 mol of component j at 1 standard

atmospheric pressure and Φ represents the parameter value at 1 standard atmospheric
pressure. Meanwhile, P is the total pressure of the reaction system, ng is the total number of
moles of the gas phase components, e is the electron charge, Zj is the number of elementary
charges on component j, ε0 is the dielectric constant in a vacuum, kB is the Boltzmann
constant, and λD is the Debye radius when only the electron contribution is included.
Among these, λD is calculated as follows:

λD =

√
ε0kBT
e2Ne

(2)

where Ne is the electron density (m−3) in the equilibrium product. In the above, the standard
chemical potentials ϑc

j and ϑ
g,Φ
j of the product components at different temperatures are key

parameters for solving the Gibbs free energy constraint equation. The chemical potentials
of pure substances at 1 atm are fitted as a univariate linear function with temperature as
the independent variable. Specific data can be referenced from the NIST database [33].

The problem of solving for the equilibrium components of the combustion products
is transformed into a constrained optimization problem of solving for the extreme value
of the function by supplementing the Dalton’s law of partial pressures, the equation of
conservation of mass, and the equation of quasi-neutrality of charge. The improved exterior
point penalty function method is used to complete the transformation and obtain a solution
to the constraint equation [34]. According to the function and constraints, the exterior point
method is constructed as

P̃(n) = [h1(n)]
2 +

Nχ

∑
i=1

[h2(n)]
2 + [h3(n)]

2+
Nκ

∑
i=1

[min[0, g(n)]]2 (3)

where h1(n), h2(n), and h3(n) respectively stand for Dalton’s law of partial pressures, the
law of conservation of mass, and the quasi-neutrality equation for charge.
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The actual feasible domain of the constraint is contracted inward while considering
the actual range of values of the equilibrium components. As a result, g(n) = nj ≥ 10−8.
Accordingly, h1(n) is required, and the augmented objective function is constructed with a
function f (n) and a penalty factor σ(l) as follows:

P(n, σ(l)) = f (n) + [h1(n)]
2 + σ(l)P̃(n) (4)

where h1(n) is defined as

h1(n) = P +
kBT

24πλ3
D
−

Nκ

∑
j=Lκ+1

kBTnj = 0 (5)

When n1
(l) ∼ nN

(l) is a feasible solution, h1 = σ(l) = 0. Therefore, P(n, σ(l)) = f (n),
and the objective function is not subject to additional penalties. In contrast, σ(l) increases as
the infeasibility of n1

(l) ∼ nN
(l) as a solution increases. As a result, P(n, σ(l)) > f (n).

In the exterior point penalty function method, the initial penalty factor r(0) was set
to 0.01 and increased geometrically in each outer iteration, i.e., r(k+1) = 10·r(k). The inner
iterations of the conjugate gradient method used a line search strategy that satisfies the
Wolfe conditions. The convergence criteria required that the change in the augmented
objective function L (n, r(k)) between successive iterations be less than 10−6, and the maxi-
mum relative change in all species mole fractions nj also be less than 10−6. To verify the
algorithm’s robustness with respect to the initial guess, ten different chemically plausible
initial mole number vectors were tested. All calculations independently converged to the
same equilibrium composition, with relative differences in the final mole numbers of all
species being less than 10−5, demonstrating the stability and reliability of the numerical
solution process.

The proposed process of calculating the equilibrium components of propellant com-
bustion products by the minimum Gibbs free energy method is illustrated in Figure 1.

 
Figure 1. Proposed process for calculating the equilibrium components of propellant combus-
tion products.

The standard conjugate gradient method is applied herein to solve the unconstrained
minimum of the penalty function. This method requires only first derivative information,
which greatly reduces memory requirements when solving large-scale nonlinear equations
in contrast to the high memory needs of the Newton-Raphson method for inverting the
Hessian matrix. Using this method, the equilibrium composition of CO2, CO, H2O, H2,
N2, OH, CH4, H, Cs2O, Cs, CsO, Cs+, and e− under varying ionization seed contents,

https://doi.org/10.3390/aerospace13010092

https://doi.org/10.3390/aerospace13010092


Aerospace 2026, 13, 92 7 of 22

temperatures, and pressures can be ultimately calculated, thereby providing data support
for determining thermophysical properties and electrical conductivity.

The chemical equilibrium system considered in this study includes 13 key species: CO2,
CO, H2O, H2, N2, OH, CH4, H (gas-phase neutrals), Cs2O, Cs, CsO (cesium-containing
neutrals and oxides), Cs+ (ion), and e− (electron). This set was chosen based on prior
research on cesium-containing propellant combustion systems, aiming to capture the
primary thermodynamic and transport processes. Gibbs free energy minimization was
repeated over the same initial conditions and temperature–pressure range (400–4000 K,
0.1–100 MPa) with an extended candidate list that included potential species such as Cs2+,
O−, OH−, and CsOH. The results indicate that, within the core operating range (T > 1500 K),
adding these species changes the calculated total electron density Ne by less than 2%.

3. Solving the Thermophysical Properties and Electrical Conductivity of
Combustion Products
3.1. Calculating the Specific Heat at Constant Pressure

According to physicochemical theory, the specific heat Cp of a mixed product at
constant pressure can be expressed as [35]:

Cp =

(
∂hg

∂T

)
P

(6)

where hg is the specific enthalpy of combustion products, which is calculated as follows:

hg =

Nκ

∑
j=1

WjHj

Nκ

∑
j=1

Wj Mj

(7)

Here, Wj is the molar fraction, Mj is the molecular weight, and Hj is the molar enthalpy

of component j, which can be obtained from the NIST database [36]. Setting mg =
Nκ

∑
j=1

Wj Mi

in Equations (6) and (7) yields the following.

Cp =
1

mg

(
Nκ

∑
j=1

WjCp,j +
Nκ

∑
j=1

Wj
(

Hj − Mjhg
)(∂ ln Wj

∂T

)
P

)
(8)

3.2. Calculating the Viscosity Coefficient

Enskog and Champan applied Lennard-Jones potential energy theory to derive the
following formula for calculating the viscosity coefficient µj of gas molecule j from the
Maxwell distribution function of the thermal motion of gas molecules [37]:

µj = 2.6693 × 10−6
√

mjT

σ2
j Ωµ,j

(9)

where mj is the molar mass, which is numerically equal to the molecular weight of the gas, σj

is the collision cross section diameter, which can be obtained from the NASA database [38],
and Ωµ ,j is the calculated collision integral. Here, Ωµ ,j can be defined with respect to the
gas conversion temperature T∗, which is given as follows:

T∗ =
T

εk/kB
(10)
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where εk is the intermolecular characteristic energy. The values of εk/kB for different
gas molecules can be obtained by querying the NIST database. Meanwhile, the actual
relationship of Ωµ ,j with T∗ can be fitted as follows [39]:

Ωµ,j =
A2

(T∗)B2
+

C2

eD2T∗ +
E2

eF2T∗ (11)

where A2 = 1.1615, B2 = 0.1487, C2 = 0.5249, D2 = 0.7732, E2 = 2.1618, and F2 = 2.4378. After
obtaining the viscosity coefficients of individual gas components according to Equation (9),
the viscosity coefficient of a multi-component gas mixture can be calculated as follows:

µ =
Nκ

∑
i=1

Wiµi
Nκ

∑
j=1

Wjϕij

(12)

where ϕij is the viscosity correlation coefficient between gas components i and j, which is
given as follows.

ϕij =
1√
8
(1 +

mi
mj

)
− 1

2

[
1 + (

µi
µj
)

1
2
(

mj

mi
)

1
4

]2

(13)

3.3. Calculating the Thermal Conductivity

The thermal conductivity λi of a single gas component is defined as follows.

λi =
R0µi
mi

(0.45 + 1.32
Cpi

R0
) (14)

On this basis, the thermal conductivity of a gas mixture can be calculated by

λ =
Nκ

∑
i=1

Wiλi

Wi +
Nκ

∑
j = 1
j ̸= i

Wjψij

(15)

where ψij is the correlation coefficient of thermal conductivity between gas components,
which is given as follows.

ψij = ϕij

[
1 +

2.41(mi − mj)(mi − 0.142mj)

(mi + mj)
2

]
(16)

3.4. Calculating the Electrical Conductivity

The Kantrowitz model applies the following representation of the electrical conductiv-
ity for a combustion-type thermal plasma with complex product components:

1
σ
=

1
σen

+
1

σei
(17)

where σen represents the conductivity generated by collisions between electrons and neutral
particles and σei represents the conductivity generated by collisions between electrons and
ions. The value of σen can be calculated as

σen =
e2Ne

me

(
8kBT
πme

) 1
2 n

∑
i=1

NnQi

(18)
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where me is the electron mass, Nn is the number density of neutral particles, and Qi is the
average momentum transfer cross-section (m2) between electrons and the neutral particles,
which is related to the temperature and the types of components. From a microscopic
perspective, all neutral particles can interact with free electrons in the combustion products
through momentum transfer, and the probability of interaction increases with increasing
particle number density. Therefore, the velocity of electron thermal motion through collision
is reduced significantly as the number density and momentum transfer cross-section of
neutral particles increases, which thereby affects the conductivity of combustion products.
Finally, the value of σei can be calculated as follows [2]:

σei = 1.975
Nee2

3.64 × 10−6meNi(ln Λ)T− 3
2

(19)

where Ni is the number density of ions and the parameter Λ is defined as

Λ = 1.24 × 107(T3/Ne)
1
2 (20)

Comparing Equations (1)–(5) with Equations (18)–(20) indicates that the variables
Ne associated with the equilibrium components of combustion products obtained by the
minimum Gibbs free energy method represent all of the physical quantities employed
in the Kantrowitz model except the momentum transfer cross-section Qi. Therefore, ob-
taining accurate values of Qi is the key to calculating the electrical conductivity of the
combustion products.

In the past few decades, the momentum transfer cross-sections between electrons
and different gas molecules have been calculated theoretically based on experimentally
measured elastic scattering cross-sections. For example, Bedick et al. [18] established the
momentum transfer interface between electrons and various gas molecules, such as CO2,
CO, H2O, H2, N2, K and KOH, from a large volume of research data relevant to open-cycle
MHD combustion systems, and fitted the cross-section data into a cubic equation with
respect to temperature T. However, the temperature range employed in this earlier work
was 1500–3500 K, and cannot accommodate the temperature range of 400–4000 K employed
in the current study.

The present work addresses this issue by analyzing the momentum transfer cross-
sections between the components and electrons based on the equilibrium components of
combustion products obtained by the minimum Gibbs free energy method. Therefore, the
momentum transfer cross-sections between electrons and neutral CO2, CO, H2O, H2, N2,
CH4, H, and OH particles in the temperature range of 400–4000 K were fitting. The fitting
form was Qi = (A3eB3T + C3eD3T)× 10−20, and the results are listed in Table 1.

Table 1. Constant parameters in the momentum transfer cross-section Qi = (A3eB3T + C3eD3T)×
10−20 between electrons and different neutral gas particles.

Components A3 B3 C3 D3 Reference

CO2 184.8 −7.276 × 10−3 108.7 −6.012 × 10−4 [40–42]
CO 22.05 −1.101 × 10−5 18.55 −2.066 × 104 [41–43]

H2O 2295 −3.103 × 10−3 386.6 −4.738 × 10−4 [18,41,42,44–47]
H2 11.3 −4.425 × 10−3 −3.927 −8.793 × 10−4 [41,42,48,49]
N2 7.856 4.869 × 10−5 −6.097 −8.267 × 10−4 [41,42,50]

CH4 15.12 −1.625 × 10−3 0.1336 1.441 × 10−4 [41,42,51,52]
H 43.33 −4.887 × 10−5 −2.896 −3.312 × 10−3 [41,42,53–56]

OH 0.2724 1.464 × 10−3 29.29 5.991 × 10−7 [18,41,42,49,57]
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In addition, the original study of Bedick et al. [18] did not consider the momentum
transfer cross-sections of cesium atoms and their oxides. However, this is essential in the
present work to accommodate the use of cesium atoms for ionization seeds. Nonetheless,
the momentum transfer cross-section between electrons and cesium atoms represents a
special case, which has been addressed in the literature by fitting to the following sixth-
order form [58–60]:

Qi = (A4T6 + B4T5 + C4T4 + D4T3 + E4T2 + F4T + G4)× 10−20 (21)

where A4 = −1.582 × 10−17, B4 = 3.049 × 10−13, C4 = −2.115 × 10−9, D4 = 6.388 × 10−6,
E4 = 7.828 × 10−3, F4 = 2.97, G4 = 439.1. Finally, the momentum transfer cross-sections of
electrons with CsO and Cs2O are also needed for calculating the electrical conductivity.
Nonetheless, relevant reference data is currently unavailable. To this end, we note that the
molar mass fractions of CsO and Cs2O differ from those of cesium atoms by 2 to 3 orders of
magnitude within the temperature range considered, and the radius of cesium atoms is
much larger than that of oxygen atoms. Therefore, we set the momentum transfer cross-
sections of electrons with CsO and Cs2O with reference to the cross-section obtained above
for electrons and cesium atoms. This simplification was found to have little impact on the
electrical conductivity of the mixed product calculated under practical conditions.

3.5. Sensitivity Analysis

To assess the influence of uncertainties in different electron–neutral momentum-
transfer cross-section Qi data on the prediction of electrical conductivity σ, a local sensitivity
analysis was conducted. The normalized sensitivity coefficient is defined as:

SQi =
∂σ

∂Qi
· Qi

σ
(22)

This coefficient characterizes the relative rate of change in σ induced by a unit relative
change in Qi. The SQi values for the major neutral components (CO2, H2O, N2, H2, Cs)
were calculated under the conditions of T = 1000, 2000, 3000 K; pressure P = 10 MPa; and
ionization seed content αCs = 2 mol%. The results indicate that the electrical conductivity
is most sensitive to the collision cross-section of the currently dominant neutral species:
at 1000 K, H2O is the dominant neutral component, with SQH2O ≈ −0.7; at 3000 K, Cs
atoms become significant contributors, with SQCs ≈ −0.6. The negative sign indicates
that an increase in Qi leads to a decrease in σ, which is consistent with the physics of
the Kantrowitz model. To further quantify the actual error propagation, all major neutral
components’ Qi values were simultaneously increased and decreased by 20%, and the
resulting changes in σ were observed. At T = 3000 K and P = 10 MPa, a ±20% perturbation
in Qi caused an approximate ∓15% change in σ. For CsO and Cs2O, because their mole
fractions are 2–3 orders of magnitude lower than that of atomic Cs, even doubling or
halving their assumed Qi values has an impact on the total conductivity σ of less than 2%
for T < 3500 K, and about 5–8% in the highest temperature region. This result justifies the
simplified treatment in Section 3.4 of approximating the e–CsO and e–Cs2O cross-sections
as the e–Cs cross-section. Furthermore, regarding the cross-section fits extrapolated to low
temperatures (<1500 K), although any fitting errors might have a magnified relative effect
on the absolute value of σ in this temperature range where conductivity itself is extremely
low, the impact on the order of magnitude of σ and the overall trend assessment is limited.
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4. Results of Calculations
4.1. Mass Density of Combustion Products

As discussed above, the proposed framework for calculating the thermophysical prop-
erties and electrical conductivities of solid propellant combustion products was evaluated
for solid propellant. Based on the calculation results of equilibrium components, the mass
density ρ of the combustion products are plotted with respect to temperature and pressure
under an ionization seed content of αCs = 2 mol% in Figure 2a, while ρ is plotted with
respect to temperature and αCs under a pressure of P = 100 MPa in Figure 2b.

  
(a) Change in ρ with respect to T and P (αCs = 2 mol%) (b) Change in ρ with respect to T and αCs (P = 100 MPa) 

Figure 2. Calculated mass density ρ of the combustion products of solid propellant containing cesium
with respect to temperature (T), pressure (P), and ionization seed content (αCs).

According to the ideal gas equation of state, the value of ρ for the combustion product
is proportional to the pressure and inversely proportional to the temperature and the
total number of moles of the components in the product. At T = 2000 K, ρ increases from
about 0.8 kg/m3 at P = 0.1 MPa to approximately 120 kg/m3 at P = 500 MPa. For all
values of αCs considered, both dissociation and ionization reactions are intensified with
increasing temperature, and the total number of moles of the individual components in
the combustion products increases. Therefore, ρ decreases with increasing temperature. In
contrast, the dissociation and ionization reactions are inhibited with increasing pressure,
and the total number of moles for components in the combustion products decreases.
Accordingly, ρ increases with increasing pressure, as shown in Figure 2a. Meanwhile, the
results in Figure 2b indicate that ρ increases with increasing αCs at a given temperature and
pressure, which is caused by the relatively large molecular weight of cesium and its oxides.
At T = 2000 K, increasing αCs from 0% to 20% raises ρ by about 15%.

4.2. Specific Heat of Combustion Products at Constant Pressure

Based on the calculated equilibrium composition, the specific heat Cp at constant
pressure was calculated according to Equation (8), and the values of Cp are plotted with
respect to temperature and pressure (αCs = 2 mol%) and with respect to temperature and
αCs (P = 100 MPa) in Figure 3a and b, respectively.

It can be seen that Cp exhibits a complex variation with respect to temperature at a
given pressure, which is related to the dissociation reactions of the combustion products. As
shown in Figure 3a, the first characteristic peak of Cp appears when the temperature is about
1000 K, and the temperature corresponding to the peak decreases with increasing pressure.
This occurs because the dissociation reaction of CO2 and C in the combustion reaction
dominant at this temperature produces carbon monoxide, and the dissociation reaction is
inhibited with increasing pressure. Therefore, the reaction temperature corresponding to
the characteristic Cp peak increases. In addition, a second characteristic peak in Cp appears
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at a temperature of about 4000 K when the pressure is less than about 1 MPa. This is related
to the dissociation reaction of water vapor to generate H and OH components and the first
ionization reaction of cesium atoms. It can be seen from Figure 3b that Cp decreases with
increasing αCs at a given temperature and pressure, but αCs appears to have no impact on
the temperature of the combustion product corresponding to the characteristic Cp peak.
This is because the relative atomic mass of cesium is large, and the increase in αCs reduces
the value of mg in Equation (8), which has an increasing effect on Cp.

  
(a) Changes in Cp with respect to T and P (αCs = 2 mol%) (b) Changes in Cp with respect to T and αCs (P = 100 MPa) 

Figure 3. Calculated specific heat Cp at constant pressure of the combustion products of solid
propellant containing cesium with respect to T, P, and αCs.

4.3. Viscosity Coefficient of Combustion Products

Based on the calculated equilibrium composition, the viscosity coefficient µ was calcu-
lated according to Equation (12), and the values of µ are plotted with respect to temperature
and pressure (αCs = 2 mol%) and with respect to temperature and αCs (P = 100 MPa) in
Figure 4a and b, respectively.

  
(a) Changes in μ with respect to T and P (αCs = 2 mol%) (b) Changes in μ with respect to T and αCs (P = 100 MPa) 

Figure 4. Calculated viscosity coefficient µ of the combustion products of solid propellant containing
cesium with respect to T, P, and αCs.

It can be seen that µ increases with increasing temperature, but it does not vary
significantly with respect to pressure and αCs. This follows from an analysis of
Equations (9) and (10). According to Equation (10), the single-component collision integral
Ωµ ,j decreases with increasing temperature. Therefore, the single-component viscosity
coefficient calculated from Equation (9) increases with increasing temperature, which in
turn increases µ as well. In contrast, the change in the molar fraction of the major parti-
cles in the combustion gas is insignificant with increasing pressure and αCs. Accordingly,
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these parameters also have little effect on the viscosity coefficient of the mixture product
calculated by Equation (12).

4.4. Thermal Conductivity of Combustion Products

Based on the calculated equilibrium composition, the thermal conductivity λ was
calculated according to Equation (15), and the values of λ are plotted with respect to temper-
ature and pressure (αCs = 2 mol%) and with respect to temperature and αCs (P = 100 MPa)
in Figure 5a and b, respectively.

  
(a) Changes in λ with respect to T and P (αCs = 2 mol%) (b) Changes in λ with respect to T and αCs (P = 100 MPa) 

Figure 5. Calculated thermal conductivity λ of the combustion products of solid propellant containing
cesium with respect to T, P, and αCs.

It can be seen that λ increases with increasing temperature. From the point of view of
a physical mechanism, the increase in temperature intensifies the thermal motion of the
particles and enhances the transfer of thermal energy due to collisions, which is macroscop-
ically manifested in the observed increase in thermal conductivity. As was observed for Cp

(Figure 3), λ also exhibits characteristic peaks at temperatures of about 1000 K and 4000 K,
which are also related to the dissociation reactions of CO2 and H2O at the corresponding
temperatures. In addition, we note from Figure 5a that the effect of pressure on λ is not
significant when the pressure is greater than 100 MPa. This is because the degree of ioniza-
tion of the cesium ionization seeds is not high within the temperature range considered
in this paper. Therefore, the value of λ is mainly related to the thermal motion of neutral
particles. Accordingly, the effect of pressure on λ is minor because the molar fraction of
neutral particles does not change significantly when P > 100 MPa. This also means that αCs

has little effect on λ at temperatures less than about 2000 K, as can be seen from Figure 5b.
In contrast, λ decreases with increasing αCs when the temperature is greater than 2000 K
because the addition of ionization seeds decreases the mass percentage of CO2, CO, H2O,
H2, N2 and other combustion components with relatively large thermal conductivity.

4.5. Electrical Conductivity of Combustion Products

Based on the calculated equilibrium composition, the electrical conductivity σ was
calculated according to Equation (17), and the values of σ are plotted with respect to tem-
perature and pressure (αCs = 2 mol%), with respect to temperature and αCs (P = 100 MPa),
and with respect to pressure and αCs (T = 3000 K) in Figure 6a, b and c, respectively.

It can be seen from Figure 6a,b that σ increases with increasing temperature under
given values of P and αCs. This is because the electron density in the combustion product
increases exponentially with increasing temperature over the temperature range consid-
ered herein.
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(a) Changes in σ with respect to T and P (αCs = 2 mol%) (b) Changes in σ with respect to T and αCs (P = 100 MPa) 

 
(c) Changes in σ with respect to P and αCs (T = 3000 K) 

Figure 6. Calculated electrical conductivity σ of the combustion products of solid propellant contain-
ing cesium with respect to T, P, and αCs.

It can be seen from Figure 6a,c that σ decreases with increasing pressure under given
values of T and αCs. For example, σ is 183.19 S/m, 75.15 S/m, and 25.62 S/m when the
temperature is 4000 K and the pressure is 1 MPa, 10 MPa, and 100 MPa, respectively. The
reason for this phenomenon can be explained as follows. On the one hand, although an
increase in pressure increases the electron density, it also inhibits ionization reactions and
reduces the degree of ionization of the system. On the other hand, the number density of
neutral particles increases proportionally with increasing pressure, but the increase in the
electron density with increasing pressure is gradually diminished relative to density of
neutral particles. This leads to a decrease in the contribution of collisions between electrons
and neutral particles to the conductivity in Equation (18). In addition, since the number
densities of electrons and cesium ions in the combustion products are equivalent, the Λ
in Equation (20) increases with increasing electron density. This leads to a decrease in
the contribution of collisions between electrons and ions given in Equation (19), which
ultimately results in a decreased total conductivity.

It can be seen from Figure 6b,c that σ increases with increasing αCs under given values
of T and P when αCs < 8 mol%. However, the observed increase in σ diminishes gradually
when αCs > 3 mol%. Meanwhile, σ gradually decreases with the further increase in αCs

above 8 mol%. The reasons for the above trends can be explained as follows. The electron
density in the combustion product increases with increasing αCs. Hence, the observed
increase in σ generally follows the increasing trend of αCs when αCs < 8 mol%. However, the
contribution of collisions between electrons and neutral particles to σ decreases according
to the data employed in Equation (18) due to the large collision cross-section of cesium
atoms and their oxides, which eventually diminishes the impact of increasing αCs on σ, and
leads to a decrease in the total conductivity at high values of αCs greater than 8 mol%.
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4.6. Analysis of Model Prediction Uncertainties

The standard chemical potentials used in the equilibrium composition calculation
are taken from authoritative databases such as NIST. For the major gas-phase species
considered in this study (e.g., CO2, H2O, CO, N2, H2, OH), the uncertainties of their ther-
mochemical parameters (standard enthalpy of formation, entropy) within the relevant
temperature range are generally below 1%. For cesium and its compounds (Cs, CsO, Cs2O,
Cs+), we adopted validated data from the literature. Uncertainties in such fundamental
data have limited direct impact on the final equilibrium mole fractions, especially in tem-
perature regions (>1000 K) where highly sensitive phase equilibria or critical phenomena
are not involved.

A Debye–Hückel correction was introduced into the Gibbs free energy function. The
validity of this correction is based on the weak-coupling plasma assumption (Γ ≪ 1). This
assumption holds over most of the parameter space covered in this paper. However, in the
highest-pressure regions (e.g., P > 300 MPa) at relatively low temperatures (e.g., T < 3000 K),
the electron density Ne can exceed 1023 m−3, and the coupling parameter Γ approaches
0.3–0.5. Our evaluation indicates that under such extreme conditions, the difference in
electron density between neglecting the Debye–Hückel correction and using the present
model can reach 10–20%. This constitutes a known systematic error source in the model
predictions for extreme high-density regimes.

The equilibrium composition is solved iteratively via the exterior point penalty func-
tion method combined with the conjugate gradient method. The initial penalty factor
r(0) = 0.01 and is increased by a factor of 10 in each outer iteration. The inner conjugate
gradient solver employs a line search that satisfies the Wolfe conditions. Convergence is
declared when both the change in the penalty function value and the maximum relative
change in all species mole fractions are less than 10−6. To verify robustness, we tested ten
different initial guesses ranging from lean to rich mixtures; all cases converged stably to the
same equilibrium composition, indicating that numerical truncation errors are negligible.

The present model, based on the LTE assumption, performs well at temperatures
above 1800 K, with deviations < 5%. In low-temperature regimes (e.g., during ignition or
transient combustion stages), where non-equilibrium effects are pronounced, predictions
from this framework should be applied with caution. Future work may extend the model
to a two-temperature formulation to better describe non-equilibrium states.

5. Experimental Validation
5.1. Experimental System

To validate the accuracy of the theoretical calculations, experimental testing of the
electron density in the combustion products of propellant with ionization seeds was con-
ducted. This study utilizes a Langmuir probe system, where a sweeping voltage is applied
between two probes inserted into the combustion products to obtain the current-voltage
(I-V) characteristic curve of the double probe, i.e., the relationship between the operating
current (ID) and the sweeping voltage (VD). The parameters derived from the curve are then
used to calculate the electron temperature and ion density in the plasma. The schematic
diagram of the Langmuir probe experimental system for propellant combustion gas is
shown in Figure 7.

Figure 7 shows the experimental system, which consists of propellant with ionization
seeds, a combustion chamber, a laser igniter, a Langmuir probe system control unit, a ther-
mocouple, and other components. The combustion chamber is made of high-temperature-
resistant steel. The probe has a tip diameter (dp) of 0.4 mm and a tip length (Lp) of 10 mm,
with a distance (∆Lp) of 2 mm between the two tips. The Langmuir probe is connected via
wires to the probe system control unit, which provides a voltage sweep range of −150 to
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150 V and enables real-time acquisition of probe potential and current data. This allows
the current-voltage characteristic curve to be obtained for analyzing plasma parameters.
The propellant used is the tri-base propellant, with a precisely measured mass of cesium
salt seeds thoroughly mixed into the propellant using a high precision balance. This setup
allows testing of plasma parameters in the combustion flame under three conditions with
ionization seed mass fractions of 1%, 2%, and 4%.

 
Figure 7. Schematic diagram of the experimental system.

5.2. Test Method

The purpose of the Langmuir probe experiment is to obtain the electron density in
the combustion products under different combustion temperatures and ionization seed
contents. Typically, by applying a sweeping voltage, a current-voltage characteristic curve
as shown in Figure 8. is formed between the probes of the Langmuir probe.

Figure 8. Current-voltage characteristic curve of Langmuir probe.

In Figure 8, I1
+ and I2

+ represent the saturation ion currents of Probe 1 and Probe
2, respectively. When the two probes have identical structures, it is generally true that
I+ = I1

+ = −I2
+. (d ID/dVD)VD=0 denotes the slope of the current-voltage characteristic

curve when the potential difference between the two probes is zero, while (d ID/dVD)VD=Sat
represents the slope when the potential between the probes reaches saturation. The calcula-
tion of electron temperature and ion density in plasma using the Langmuir probe method
can be referred to the following formulas [61]:

Te =
eI+
2k

(
dVD
dID

)
VD=0

(23)
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The electron density Ne and ion density Ni in the propellant flame can be expressed as:

Ne = Ni =
I+

Ape

√
2πMi

kTe
(24)

In the formulas, Ap = π dpLp represents the surface area of the probe tip, and Mi

denotes the mass of the ions, which in this context refers to the mass of Cs+ ions.

5.3. Analysis of Test Results

Before testing, the scanning voltage of the Langmuir double probe was set to −5~5 V
(with a voltage step of 0.2 V), the loading time of the scanning voltage was 20 ms, and
after each scan, a 20 ms interval was applied for continuous scanning and calibration.
Repeatability verification conducted before testing served to limit random error effects
on the experimental data. After laser ignition, testing began once the propellant flame
had stabilized. For each test point, voltage-current values were recorded 10 times, and the
average was taken as the final current-voltage characteristic curve. Additionally, outliers
that deviated significantly from the average in the experimental data were excluded to
avoid the influence of errors. Based on this, plasma parameters at different temperatures
were studied by varying the mass fraction of cesium nitrate in the propellant and adjusting
the probe position within the flame. Multiple laser ignition experiments were conducted
with simultaneous recording of current-voltage characteristic curves, thereby obtaining
multiple sets of plasma parameter values under different ionization seed contents and
temperatures. The results are shown in Figure 9.

  
(a) Temperature range: 1100~1250 K (b) Temperature range: 1350~1500 K 

 
(c) Temperature range: 1600~1700 K (d) Temperature range: 2000~2150 K 

Figure 9. Current-voltage characteristic curves under different temperature ranges and ionization
seed contents.
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As shown in Figure 9, the current-voltage characteristic curves plotted from the
average of 10 experiments exhibit good symmetry in both the positive and negative voltage
regions. Although there is a slight deviation between the saturation ion currents of Probe 1
and Probe 2, the deviation is minor, indicating the feasibility of using the Langmuir double-
probe method to measure plasma parameters in propellant flames. From Figure 9a,b,d, it
can be observed that the saturation ion current and the value of (dVD/dID)VD=0 increase
with rising temperature. Figure 9c shows that at similar propellant gas temperatures, the
shapes of the current-voltage characteristic curves are largely consistent across different
ionization seed contents, suggesting that temperature has the most significant impact on
plasma parameters. Even small temperature variations can lead to noticeable changes in
electron number density. Furthermore, comparing Figure 9a–d, it is evident that although
the standard deviation of the current value ID gradually increases with temperature, the
coefficient of variation decreases, indicating that the ionization reaction in the combustion
products becomes increasingly stable at higher temperatures, resulting in smaller deviations
in the experimental data.

These experiments validate the equilibrium model’s Ne predictions at P = 0.1 MPa.
Based on the current-voltage characteristic curves under different combustion temperatures
and ionization seed contents, the electron temperature (Te) and electron density (Ne) of the
combustion products are calculated and compared with the data obtained from numerical
calculations. The calculation formula for the electron density deviation is ξNe = (Ne,calc

− Ne,exp)/Ne,exp. Taking the ionization seed content of 2% as an example, the calculated
plasma parameters under different combustion temperatures are shown in Table 2.

Table 2. Plasma parameters at different combustion temperatures with 2% ionization seed content.

T (K) Te (K) Ne-calc (m−3) Ne-exp (m−3) ξNe (%)

758 2218.50 1.51 × 1012 1.03 × 1012 47.02%
897 2309.19 4.45 × 1013 3.12 × 1013 42.64%

1096 2388.27 6.90 × 1014 5.37 × 1014 28.40%
1226 2460.27 8.92 × 1015 7.48 × 1015 19.28%
1471 2797.64 2.12 × 1017 1.87 × 1017 13.67%
1680 3211.08 1.48 × 1018 1.37 × 1018 7.84%
1813 3201.86 4.11 × 1018 3.92 × 1018 4.72%
2112 3608.46 2.54 × 1019 2.46 × 1019 3.68%

As shown in Table 1, the electron temperature of the combustion products measured
by the Langmuir probe is higher than the neutral particle temperature measured by the
thermocouple, indicating that the combustion products are not in a state of complete
thermodynamic equilibrium under atmospheric pressure. At temperatures below 1500 K,
the significant discrepancies between calculated and experimental electron density high-
light the limitation of the LTE assumption under these low-temperature, non-equilibrium
conditions. However, unlike the non-equilibrium plasma generated by discharge reac-
tions (where the electron temperature can be several or even tens of times higher than the
heavy particle temperature), the difference between the two temperatures is not signifi-
cant. Therefore, the combustion products of propellant containing ionization seeds under
atmospheric pressure can be regarded as weakly non-isothermal plasma. Additionally, at
lower combustion temperatures, there is a considerable deviation between the experimental
and calculated values of Ne. This is because, at low temperatures, the electron density in
the combustion products is extremely low, leading to inherent inaccuracies in the results
obtained via the Gibbs free energy minimization method. At the same time, limitations
in the measurement range and accuracy of the Langmuir probe method contribute to
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substantial random errors in electron density measurements at low temperatures. As
the temperature increases, the deviation between the experimental and calculated values
of electron density gradually decreases. When the combustion product temperature ex-
ceeds 1800 K, the deviation remains within 5%, effectively validating the accuracy of the
theoretical calculations.

The experimental validation in this work is limited to atmospheric pressure conditions,
while the numerical study covers a pressure range of 0–500 MPa. In the extreme high-
pressure regime approaching 500 MPa, the uncertainty of model predictions increases. The
main sources of uncertainty include: (1) the potential breakdown of the Debye–Hückel
theory in describing strongly non-ideal plasmas; (2) possible changes in the electron–neutral
momentum-transfer cross-sections in ultra-high-density media; and (3) the lack of direct
experimental benchmarks at corresponding pressures. These factors collectively constitute
the key limitations of the present model under high-pressure conditions. Despite these
limitations, the model retains high reliability in the pressure range below about 100 MPa,
where non-ideality remains moderate and the underlying physics is well-established. It is
therefore sufficiently credible to support preliminary design and analysis for the operating
pressure range of most solid-rocket motors. To extend the model reliably over the entire
500 MPa range, future work should focus on developing a more accurate high-pressure
plasma equation of state and on obtaining critical validation parameters through ultra-
high-pressure experiments or high-fidelity molecular-dynamics simulations.

6. Conclusions
The present study addresses existing limitations in the research on solid propellants

containing ionization seeds. To gain detailed knowledge of the thermophysical properties
and electrical conductivity of their combustion products, the equilibrium composition was
determined by constructing a constraint function based on minimizing Gibbs free energy.
This approach, combined with the Debye–Hückel correction under ionized conditions,
enabled the calculation of thermophysical properties across a wide range of temperatures
and pressures. The Kantrowitz model was applied to solve the electrical conductivity
of combustion products. The validity of the proposed framework was demonstrated
by evaluating the effects of temperature, pressure, and ionization seed content on the
thermophysical properties and electrical conductivity of the combustion products derived
from tri-base solid propellant with cesium atoms employed as ionization seeds. Finally, the
accuracy of the theoretical calculations for electron density in the combustion products was
experimentally validated. The results can be summarized as follows.

(1) The viscosity coefficient and thermal conductivity of the combustion products
increase with increasing temperature, while the specific heat at constant pressure exhibits
characteristic peaks at temperatures of about 1000 K and 4000 K. The specific heat at constant
pressure, viscosity coefficient, and thermal conductivity are not affected significantly by
changes in the pressure and ionization seed content.

(2) The conductivity of the combustion products increases with increasing temperature
and decreases with increasing pressure. When the temperature is 4000 K, the conductivity
corresponding to pressures of 1 MPa, 10 MPa and 100 MPa is 183.19 S/m, 75.15 S/m, and
25.62 S/m, respectively.

(3) The conductivity of the combustion products initially increases with increasing
ionization seed content and then decreases.

(4) When the combustion product temperature exceeds 1500 K, the deviation between
experimental and theoretical results remains within 5%.

Accordingly, the proposed framework offers support for determining the flow fields
of rocket engines and conductive gases under the control of magnetic fields. In the future,
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the accuracy of the numerical results obtained by the computational framework proposed
in this paper will be evaluated based on measured properties extracted using a custom
experimental system capable of directly measuring electrical conductivity. Specific efforts
should focus on the following three aspects: (i) implementing a two-temperature plasma
model to improve accuracy in low-temperature regimes, which is crucial for ignition and
transient analysis; (ii) obtaining accurate momentum-transfer cross-sections for cesium
oxides through theoretical or experimental studies; (iii) conducting high-pressure electrical
conductivity measurements to validate the model across its full operational envelope,
which is essential for the design and application of solid-fuel MHD thrusters.
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