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ARTICLE INFO ABSTRACT

Keywords: The intermolecular potential plays a crucial role in real-fluid interactions away from the ideal-gas equilibrium,
Real-fluid such as supercritical fluid, high-enthalpy fluid, plasma interactions. We propose a Boltzmann-weighted Full-
Transport property dimensional (BWF) potential model for real-fluid computations. It includes diverse intermolecular interactions

Intermolecular potential
Non-equilibrium simulation
Supercritical combustion

so as to determine the potential well, molecular diameter, dipole moment, polarizability of species without
introducing bath gases, allowing more accurate descriptions of potential surfaces with more potential
parameters. The anisotropy and temperature dependence of potential parameters are also considered by
applying the Boltzmann weighting on all orientations. Through the high-level Symmetry-Adapted Perturbation
Theory calculations, full-dimensional potential energy surface datasets are obtained in 432 orientations for
each species. Subsequently, the Boltzmann-weighted Full-dimensional potential parameters are derived by
training the dataset exceeding 5 % 10° data, including nonpolar and polar molecules, radicals, long-chain
molecules, and ions. These BWF transport properties calculated by the BWF potential have been compared
against the Lennard-Jones transport properties as well as experimental viscosity, mass diffusivity, and thermal
conductivity coefficients. It shows discrepancies of viscosity coefficients within 1% and 5% for nonpolar
and polar molecules, respectively. Furthermore, this potential model is applied to study radicals, long-chain
molecules, and ions, for which the experimental data is rarely accessed in high accuracy. It indicates significant
prediction improvements of complex interactions between various particles. The new transport properties are
also embedded into combustion simulations to predict the laminar flame speeds and the flame extinction limits
of methane, dimethyl ether, and n-heptane at elevated pressures, confirming its predictivity and effectiveness.

1. Introduction reactive flow is created in plasma with increased ionizations and excita-
tions of molecules, radicals, and ions. These energetic species accelerate
ignitions, combustions, and material synthesis in a non-equilibrium

way under an intense intermolecular force field [5-7].

Real fluids, such as supercritical fluid, high-enthalpy fluid, and
plasma, play an important role in propulsion and energy conversion

scenarios: (i) supercritical spray, active cooling, and combustion in ad-
vanced combustion engines and rockets, (ii) thermal protection of hy-
personic aircrafts and reentry of satellites, (iii) plasma-assisted propul-
sion, ignition, synthesis, and material treatment, etc. In such processes,
intermolecular interactions are significantly amplified. For example,
the supercritical combustion takes place when the fuel and the oxidizer
interact at the supercritical phase at elevated pressures and temper-
atures. Due to the shorter molecular distance and faster collisions in
the intense interactions of supercritical fluids, it provides a higher
thermodynamic efficiency and lower emissions in advanced internal
combustion engines and rockets [1-4]. Another example is plasma-
assisted combustion and synthesis, where the highly non-equilibrium
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The real-fluid effects come from strong intermolecular interactions,
manifesting in the compressibility, thermodynamic, and transport prop-
erties, which further affect combustion characteristics, such as the
laminar flame speed and the flame extinction limit. Bai [8] computed
the compressibility and thermodynamic properties of nonpolar and
polar molecules by employing the Virial equation of state (EoS) [9]
based on the Lennard-Jones potential [10] and the Stockmayer poten-
tial [11]. It is found that the predictions incorporating real-fluid effects
significantly outperform the empirical Redlich-Kwong (RK) EoS [12]
below 200 atm. Terashima and Koshi [13] also presented a real-fluid
combustion model, and the results of one-dimensional propagating
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flames under a wide range of pressure conditions demonstrated that
the real-fluid consideration offers a better prediction accuracy for the
negative pressure dependence of the mass burning rate in the H,/0,/Ar
flame case compared to the ideal-gas model.

Accurate transport properties are also essential in the combustion
modeling [14-16]. Brown [17] and Jasper [18] extensively reviewed
the methods for estimating transport properties. For instance, Stall-
cop [19-22] and Wang [23-25] provided the collision cross sections
and diffusion coefficients of binary collision systems, such as H/N, and
H/Ar, using the first-principle method. Dagdigian [26-28] performed
detailed calculations of the transport properties of H/CO, H/CO,, and
H,O/H collision pairs using the quantum scattering method. Violi [29,
30] used molecular dynamics simulations to determine the diffusion
coefficients of long-chain alkanes and revealed the effect of the molec-
ular configuration on the diffusion coefficients. Patidar [31] used the
advanced Ab-initio method to provide potential energy surfaces and
transport coefficients of a variety of high-energy organic molecules with
four bath gases.

Presently, most of the calculations for transport properties above are
based on the Lennard-Jones potential [10] and the Stockmayer poten-
tial [11] (hereafter both potentials are referred to as the LJ potential),
which are used by CHEMKIN [32] and Cantera [33] simulations and
have been the dominant force fields in the field of combustion. How-
ever, the LJ potential has some shortcomings. Jasper [34,35] studied
the application of the LJ potential in the transport property calculations
in detail. It was found that significant transport errors were introduced
due to the isotropic approximation and the description of repulsive
interaction. (i) The anisotropy, though negligible in small-scale systems
such as H/N, and H,/N,, can exhibit a significant effect for the larger
species such as n-C4H;y/N, at lower temperatures, resulting in a 15%
error in the diffusion coefficient computations. Violi [29,30] also em-
phasized the significance of the anisotropy on the transport properties,
particularly for large molecules. (ii) Moreover, the incomplete descrip-
tion of the repulsive wall is a significant source of errors, introducing
errors of up to 40% by using a steeper repulsive wall in the LJ potential
than Buckingham (exp/6) potential [36]. Therefore, the LJ potential
has good predictions for the simple nonpolar molecule systems, but
is often unsatisfactory for long-chain molecules. In addition, the inert
gas is required to be introduced as the bath gas when calculating
the transport properties of polar molecules utilizing the LJ potential,
whereas the mixing rules introduce extra errors [37]. For the above
considerations, there is an urgent need to develop a new potential
model with accurate and comprehensive descriptions of intermolecular
interactions at high pressures.

In this study, we will develop a Boltzmann-weighted Full-
dimensional (BWF) potential model for the real fluids. This model
takes into account various intermolecular interactions including the
repulsive, induction, dispersion, and electrostatic interactions. The
anisotropy and temperature dependence of potential parameters are
also considered by applying the Boltzmann weighting on all intermolec-
ular orientations. Subsequently, we train the Boltzmann-weighted Full-
dimensional potential parameters across nonpolar and polar molecules,
radicals, long-chain molecules, and ions by the dataset from the high-
level Symmetry-Adapted Perturbation Theory [38] calculations. Then,
the Boltzmann-weighted Full-dimensional transport properties calcu-
lated by the BWF potential parameters are compared with the LJ
transport properties in the literature and the National Institute of
Standards and Technology (NIST) database [39]. Finally, we have
embedded the new transport properties into combustion simulations,
and calculated laminar flame speeds and flame extinction limits for
various fuels, such as methane, dimethyl ether, and n-heptane.
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2. Theory and method

2.1. Transport property calculation

The viscosity coefficient 7, mass diffusivity coefficient D, and ther-
mal conductivity coefficient 1 are developed from the kinetic the-
ory using classical mechanics of binary collisions as described by
Hirschfelder [9] (Egs. (1)—(3)). Potential parameters are used to calcu-
late the transport properties of each species at different temperatures
and pressures.
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where kg, m,T,w,o, p,and Q¢ are the Boltzmann constant, mass
of the molecule, temperature, molecular weight, molecule diameter,
pressure, and the collision integral, respectively. And the individual
species conductivities are composed of translational, rotational, and
vibrational contributions (Eq. (4)).
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where C, o1, C,, trans» Cyvib are the rotational contribution, translational
contribution, vibrational contribution to the molar specific heat of
the species, respectively. And R, p, Z,; are the universal gas constant,
density, rotational relaxation collision number.

However, Hirschfelder et al. [9] pointed out that the transport
properties calculated using the above formulas do not consider the
pressure dependence. The transport properties are solely functions of
temperature. Therefore, based on the Enskog theory [9] (Egs. (5)—(8)),
we computed the correction factors for the BWF model and the LJ
model to obtain corrected transport coefficients over a wide range of
temperatures and pressures.
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The superscript of 0 indicates transport properties at atmospheric
pressure. V,p, by, y are the molar volume of species, pressure, gas
volume constant (b, = %n:N 63, N is the Avogadro constant), and the
correction factor from the partial derivation of the equation of state,
respectively.

Here, we use the Virial coefficient equation of state and calculate
the 2nd and 3rd virial coefficients from the BWF and the LJ potential
models based on the statistical mechanics [9]. Then we obtain the Virial
equation of states and the correction factors y for each species.



X. Zhang et al.

Electrostatic interaction

[ei- €]
Hi * €j
( € ) ( G ) T
Hi Hj
) ()
ailj il [aiej €
Ailj - &

Induction interaction

Applications in Energy and Combustion Science 23 (2025) 100342

Induction interaction

i Hj € aje; € Al
Hi Hj Hi-aje; Hi - ajl
aiej~uj aiej~ajei aiej '(Xj[li
Qiltj - U1 Qi - aje; Q- ajly;

Dispersion interaction

Fig. 1. The second-order tensor interaction space between molecules.

2.2. Potential model

In the field of the molecular dynamics, a profound comprehension
of the intermolecular interaction is crucial for predicting the behavior
of combustion systems. For simple nonpolar gases, which only involve
the repulsive and dispersion interactions, simple potential models, such
as the LJ potential, can give a good description. However, in more
complex molecular systems, various types of interactions come into
play.

To delve into the diverse interactions between molecules, we scru-
tinize their behavior based on the distance between the centers of
particles. When two molecules are in close proximity, their electron
clouds will overlap. According to the Pauli exclusion principle [40],
two identical fermions cannot occupy the same quantum state, leading
to the repulsive interaction. The intermolecular proximity repulsion
is typically expressed in the form of 1/r" or exp(b/r). In the field
of combustion, we usually use the expression 1/r'2 [17]. Conversely,
when molecules are far apart, the dominance shifts to the interaction
of their electric fields. The electric field of a molecule is divided into
its intrinsic electric field and its polarized electric field induced by
neighboring molecules. Based on the type of interacting electric field,
we classify long-range interactions into the electrostatic, dispersion,
and induction interactions, creating a second-order tensor interaction
space as is illustrated in Fig. 1.

Q= (prepul + Pelst + Pindu + (pdisp (9)

We derived Boltzmann-weighted expressions (Egs. S6-S8) for elec-
trostatic, induction, and dispersion interactions [9]. Summing them up
yields the complete interaction expression between molecules,
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where, €,0,r,¢,u,a, I are the potential well, molecular diameter, dis-
tance between two molecules, charge, dipole moment, polarizability,
first ionization potential, respectively. The i or j in the subscript repre-
sents the properties of the molecule i or j. Most of existing potential
models determine the potential parameters of pure gas by introduc-
ing bath gas and employing the mixing rule to model, which often
causes uncertainty of parameters. Thus, we directly calculate potential
parameters of the pure gas.
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Next, we introduce a shape correction based on Eq. (13) accord-
ing [41],
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where L, and L, are the length and width of the main chain of the
molecule respectively, and A is 0.50 for rodlike and —0.25 for platelike
molecules.

The accuracy of a potential model depends heavily on the computed
potential energy surfaces, in addition to the chosen functional form.
Nowadays, many software packages, such as Gaussian and ORCA,
can apply the Basis Set Superposition Error (BSSE) [42] correction to
calculate the potential energy surface between two molecules. How-
ever, this method requires significantly more computational efforts,
typically more than twice the time of uncorrected calculations [43].
Thus, researchers proposed the Symmetry-Adapted Perturbation Theory
(SAPT) [38], which provided a direct method for calculating inter-
molecular potential energies. By applying perturbation to a system,
intermolecular interactions can be evaluated without the BSSE correc-
tion. Several programs can perform SAPT calculations, among which
the PSI4 software [44] stands out as a suitable choice. PSI4 is not only
open-source and efficient, but also provides SAPT2+3 level accuracy.
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Therefore, in this paper, we use PSI4 to calculate the potential energy
surfaces.

In PSI4, the calculation accuracy increases with the level of per-
turbation considered: SAPTO < SAPT2 < SAPT2+ < SAPT2+(3) <
SAPT2+3. At the same time, the choice of basis set also affects the
accuracy. Three combinations are recommended for optimal accuracy,
in increasing order [45]: sSSAPTO/jun-cc-pVDZ < SAPT2+/aug-cc-pVDZ
< SAPT2+(3)6MP2/aug-cc-pVTZ.

Lu [46] demonstrated that the SAPT2+(3)6MP2/aug-cc-pVTZ com-
bination yields accurate intermolecular interaction predictions, with
relative errors of only 3% compared to the high-accuracy CCSD(T)/jun-
cc-pVTZ benchmark and absolute errors below 0.1 kcal/mol, while
requiring only one-tenth of the computational time. Therefore, in this
work, the SAPT2+(3)6MP2/aug-cc-pVTZ level is employed to calculate
the potential energy surfaces between molecular pairs. However, due to
the open-shell structures of free radicals and the large size of long-chain
molecules, these systems are restricted to the SAPTO/jun-cc-pVDZ and
sSAPTO/jun-cc-pVDZ levels, respectively. For free radicals, we use the
SAPTO approach based on the unrestricted Hartree-Fock (UHF) refer-
ence, which is the only open-shell SAPT variant currently implemented
in PSI4. At the same time, we set the spin multiplicity and obtain the
intermolecular interaction approximation for free radical systems.

In addition, in order to construct the full-dimensional potential
energy surfaces, we performed a direction-dependence test. As is shown
in Fig. S1, the potential energy surface converges at 432 orienta-
tions. Under the above computational settings, we computed potential
energy surfaces of various species at 432 orientations using PSI4.
These direction-dependent potential energy curves were then combined
by Boltzmann weighting to generate a single effective potential en-
ergy curve. This Boltzmann-weighted full-dimensional potential energy
curve captured both the anisotropy and temperature dependence of
intermolecular interactions and was subsequently parameterized using
the BWF potential model. Using this approach, we derived a set of BWF
potential parameters for polar and nonpolar molecules, free radicals,
long-chain molecules, and ions. These parameters can be directly in-
corporated into the transport input files for CHEMKIN, Cantera, and
other simulation platforms, as are presented in Tables S1-S5.

3. Results and discussion
3.1. Transport properties

3.1.1. Common small molecule

Before delving into the study of complex molecules, the BWF poten-
tial model is verified through transport property predictions, such as
the viscosity, mass diffusivity, and thermal conductivity coefficients of
small molecules against the TRANLIB library [47], potential parameters
in the literature, and the NIST library [39]. It is noted that most trans-
port coefficients in present combustion simulations are accomplished
from the TRANLIB library and embedded into CHEMKIN [32] and
Cantera [33] numerical simulations [17].

For nonpolar molecules such as H,, Ny, and O,, we calculate
viscosity, mass diffusivity, and thermal conductivity coefficients for
each nonpolar gas across a wide range (300-2400 K) by incorporating
the potential parameters into Egs. (1)-(3). Fig. 2 exhibits the viscosity
coefficients with temperature. The BWF and the TRANLIB (LJ) viscosity
coefficients possess errors less than 1% from experimental values for
H,, N,, and O,, exhibiting excellent predictabilities. While the Gor-
bachev (LJ) model creates a relative error of 9.5% for H,, the Cuadros
(LJ) and Mamedov (LJ) models maintain errors of 6% for N,. Most LJ
or exp/6 potential models in the literature fail to accurately describe
intermolecular interactions of O, due to its unique open-shell energy
structure. For instance, the Hobbs (exp/6) model displays a relative
error of 23%. Similarly, as are shown in Figs. S4 and S5, the BWF
potential model shows the best consistency with the TRANLIB library
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and experimental values for mass diffusivity and thermal conductivity
coefficients.

For polar molecules such as H,O, NH3, and H,S, the BWF and the
TRANLIB (LJ) viscosity coefficients exhibit errors within 5% from ex-
perimental values in Fig. 2. Unfortunately, other LJ or exp/6 potential
models in the literature remain larger uncertainties. For example, the
Somuncu (LJ) model shows relative errors of 10% for H,O and 28.3%
for NH;3. Moreover, for the mass diffusivity and thermal conductivity
coefficients of polar gases, the BWF potential model also reveals the
highest accuracy with experimental values, as are shown in Figs. S4
and S5.

Unfortunately, in most cases, the pressure dependence is not con-
sidered in the transport property computations, while it becomes non-
negligible for real fluids, such as supercritical fluid at high pressures.
Therefore, for real-fluid computations, we have corrected the pressure
dependences of viscosity (Fig. 3), mass diffusivity (Fig. S6), and thermal
conductivity (Fig. S7) coefficients based on the Enskog theory [9]
(Egs. (5)-(8)). It shows that the corrected transport coefficients exhibit
significant pressure dependences across a wide pressure range of 1-600
atm. For nonpolar gases, such as H,, N,, and O,, the relative errors
of the BWF and the TRANLIB (LJ) viscosity coefficients are around
1%-3%. However, the relative errors of the Mamedov (LJ) model reach
6% for H, and N,, and the Hobbs (exp/6) viscosity coefficients for O,
reach an error of 22%, which is beyond the acceptable prediction error
of 5% [17].

As is shown in Figs. 3 (d)-(f), for polar molecules, such as H,O,
NH;, and H,S, even though these LJ potential models account for
the electrostatic interaction between dipole moments (the Stockmayer
potential), their predictive ability remains inadequate. For NH;, the
prediction error of the BWF viscosity coefficients is around 3%, while
the error of the TRANLIB (LJ) model reaches 15.6% at 250 atm, and
other LJ potentials exhibit even higher errors. Furthermore, several LJ
potentials in Figs. 3 (d) and (e) significantly diverge beyond 250 atm.
Therefore, the BWF model exhibits a higher prediction accuracy for
nonpolar and polar molecules than various LJ models in the literature
as the former takes various intermolecular interactions in account
comprehensively.

3.1.2. Radicals, long-chain molecules, and ions

It is noted that the transport coefficient data in the TRANLIB library
is mainly fitted from experimental measurements [17]. Therefore, it
agrees well with the experimental transport coefficients of nonpolar
and polar molecules. The successful agreement between our theoretical
BWF potential model and the TRANLIB library and experimental values
in the broad range of temperatures and pressures (300-2400 K and 1-
600 atm), confirms its applicability for transport property predictions.
The BWF potential parameters of nonpolar and polar gases are pro-
vided in the Tables S1 and S2. Unfortunately, for radicals, long-chain
molecules, and ions, where the experimental data is rarely accessed,
the TRANLIB library loses its fitting accuracy.

Radicals own the high reactivity, short life time, and large polarity,
resulting in difficulties in experimental measurements and rigorous
calculations. As are shown in Figs. 4 (a) and (b), the energy potential
surfaces of CH3 and C,Hj5 are plotted using the TRANLIB (LJ) and the
BWF potential parameters, and compared with the theoretical trajec-
tory from high-level quantum chemistry computations. It is evident that
the LJ potential model cannot accurately describe the potential energy
surfaces, especially the repulsive walls [34]. In contrast, the BWF poten-
tial model, after considering comprehensive intermolecular interactions
and introducing more potential parameters, effectively improves the
repulsive walls of the potential surfaces, aligning closely with the
theoretical energy-potential trajectory. Since there are a large number
of radicals in the combustion system, it is particularly important to
improve their transport properties. We have calculated the potential
parameters of a large number of radicals, CH, CH,, CH3, C,H3, CyHs,
CHO, H, and other radicals, as are shown in Table S3.
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As the main components of fuels, the transport properties of long-
chain molecules are pivotal for combustion simulations. Due to their
long-chain structure, treating these molecules as simple point parti-
cles introduces significant errors into transport properties [29,30,34].
Therefore, we introduce a shape correction based on Egs. (13) and
(14) in the section of Materials and Methods. As are shown in Figs.
4 (c) and (d), the potential energy surfaces of the TRANLIB (LJ)
and the BWF potential model show significant differences. The LJ
potential surface without shape correction deviates significantly from
the Symmetry-Adapted Perturbation Theory calculations, and seriously
underestimates the diameter of the molecules, estimating only the

propane molecular diameter of 4.81 Aand the pentane molecular di-
ameter of 5.596 A. Therefore, considering the internal configuration
of long-chain molecules and the shape correction is crucial for the
accurate description of the interactions between long-chain molecules.
Using the corrected potential model, we trained the dataset of long-
chain molecules and derived the corresponding potential parameters,
as are shown in Table S4.

Traditional potential models, such as the LJ potential model, often
overlook electrostatic and induction interactions and only handle the
simplest uncharged molecules. However, with the continuous develop-
ment of combustion research, such as the plasma-assisted combustion,
how to deal with the charged particles in the combustion system has



X. Zhang et al.

Applications in Energy and Combustion Science 23 (2025) 100342

(@)1s (b) 15
H o sapt0/jVDZ \ o sapto/jvDZ
151 \ ---BWF 151 \ - --BWF
= ! --=TRANLB (L)) [ = \ — - - TRANLIB (LJ)
12} \ 512} \ 2
£ b £ \ o
< | 2o ! )
= \ = 1 J > ]
) K & or \ “ @
o o \ ‘
s 5 3F &\ 49
CZH5+CZH5
0F
20 30 40 50 60 7.0 80 90 100
r(4)
(c) (d) &0
o ssapt0/jVDZ o ssapt0/jVDZ
S0 o - --BWF 50 - - -BWF
- - o - -
= af v TRANLIB (L) = 40 'I;RANLIB(LJ)
S s } / S 2l k iy, ¥4
£ Y " * ‘J", £ R 4 " 4
3201 o .ﬂ‘. pee 320 \ a2, 5.
g g W 5 o, e -4,
S 10} N 4 S 10} ox
o C3Hg+CH, NnCgH,,+nCH
o+ _____ 0800aa0aasaanadss of o _O_OE’D_ 100620800080560
10 . . . . . . . 10 L L . . . . .
40 45 50 55 60 65 7.0 7.5 80 60 65 70 75 80 85 90 95 100
e r (&) f r(4)
(e) 60 ( )500
\ o sapt2+(3)d/avVTZ o sapt2+(3)d/avVTZ
= Sop ! - - - BWF 400 | - - -BWF
o —-_— —-_—
Eawf 1 TRANLIB (L) | = 01 ! TRANLIB (LJ)
£l | S 200 \
sl @ L
220 ¢ ' 3 100} !
> \ ]
S0\ 5 of
2 \N 0%+0%
W ol %QQccTo®sSEEEEVDDB S EEFETDDD -100 |
10 . . . . . 200 .
10 15 20 25 30 35 40 10 20 30 40 50 60 7.0
r(A) r (&)

Fig. 4. The Boltzmann-weighted Full-dimensional potential energy surfaces for radicals, long-chain molecules, and ions (o: the SAPT computations, sapt0/jVDZ: SAPT0/jun-cc-pVDZ
combination in PSI4 software, ssapt0/jVDZ: sSAPTO/jun-cc-pVDZ combination in PSI4 software, sapt2+(3)5/aVTZ: SAPT2+(3)6MP2/aug-cc-pVTZ combination in PSI4 software) (a)

CHj; (b) C,Hg; (c) C3Hg; (d) nCsHy,; (e) O%; (f) OH-.

become an important topic to be concerned about. In addition to the
basic repulsive and dispersion interactions, the BWF potential model
also takes into account electrostatic and induction interactions. It can
describe the interaction of various particles, including uncharged and
charged particles. As are shown in Figs. 4 (e) and (f), the BWF potential
model can accurately reproduce the interaction between charged par-
ticles, addressing for the shortcoming that the traditional LJ potential
model cannot deal with charged particles. The potential parameters of
OH" and 0% are shown in Table S5.

3.2. Combustion characteristics

The model validation above has successfully confirmed that in a
wide range of temperatures and pressures (300-2400 K and 1-600 atm),
the BWF potential model exhibits comprehensive and accurate predic-
tions of transport properties of nonpolar and polar molecules, radicals,
long-chain molecules, and ions simultaneously, while other models in
the literature lacks the similar versatility and accuracy. Therefore, the
BWF potential model is applied in the real-fluid simulation away from
the ideal-gas equilibrium, such as supercritical fluid, high-enthalpy
fluid, plasma interactions.

Supercritical combustion, known for its high thermodynamic effi-
ciency and low emissions, has gained significant attention, particularly
in advanced engines and gas turbines. Notably, the Raptor engine of
the SpaceX Starship operated in the supercritical combustion region
using a CH,;/0, mixture at pressures exceeding 300 atm [57]. However,
a number of problems, such as engine misfires and malfunctions (3
Raptor engines misfired during the first launch of the Starship), flame
instability was found in the Raptor engine operation, implying that our
current research on the supercritical combustion is still insufficient, and
it is necessary to carefully consider the real-fluid behavior in extreme
combustion conditions like supercritical combustion. Therefore, this
work investigates combustion characteristics such as the laminar flame

speed and the flame extinction limit of methane at atmospheric and
high pressures. In addition, to explore the influence of real-fluid effects
on fuels with different carbon-chain lengths, we have also conducted
insightful studies on dimethyl ether (DME) and n-heptane.

The laminar flame speeds and the flame extinction limits of fuels are
calculated using the PREMIX and the OPPDIF modules of the CHEMKIN
package, respectively. Various detailed and reduced chemical kinetic
models are evaluated against the experimental flame laminar speeds
and extinction limits. The GRI3.0 mechanism [58], the HPmech-1.3
mechanism [59], and the simplified n-heptane mechanism [60] by
the PFA method [61] are employed to simulate and predict methane,
dimethyl ether, and n-heptane fuels, respectively.

3.2.1. The flame extinction limit

Three Raptor engines of the Starship misfired during the first launch
of the interplanetary spacecraft, and our understanding of the flame
extinction characteristics is still incomplete. We have investigated the
flame extinction limits including methane, DME, and n-heptane, as are
shown in Figs. 5-7, respectively. The axial velocity gradient at the
oxidizer side is defined as a global strain rate [62], a,,, = 2U,/L[1 +
(Uf/Uo)(pf/pD)l/ZJ, where U, and U, are the flow velocities of oxi-
dizer and fuel streams, and p, and p, the densities of oxidizer and
fuel streams, respectively. Compared with the experimental data, the
predictions of the BWF and the TRANLIB (LJ) extinction limits for
methane are close to each other, showing relative prediction deviations
of 5%-15% with experimental measurements. However, for the long-
chain molecules such as n-heptane, the BWF potential model exhibits
the prediction error level of 10% from the experimental data, while
the TRANLIB (LJ) model possesses a significant uncertainty above
50% from experiments. As the flame extinction is highly relevant to
transport properties of molecules through the extinction strain rate [15,
25], the accurate computations of transport properties using the BWF
potential model show a significant improvement in flame extinction
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Fig. 5. The flame extinction limits of the methane /air at an initial fuel temperature
of 550 K, an initial air temperature of 300 K, and initial pressures of 1 and 7 atm with
comparisons to the experimental data: Maruta [63].
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Fig. 6. The flame extinction limits of the dimethyl ether /air at an initial fuel
temperature of 550 K, an initial air temperature of 300 K, and initial pressures of
1 and 10 atm with comparisons to the experimental data: Reuter [64].

predictions than LJ models, especially for long-chain molecules where
shape corrections are not considered in LJ models in the literature. This
underscores the importance of considering the molecular configuration
and anisotropy to enhance the prediction accuracy of transport and
combustion properties. In addition, the BWF potential model may
makes larger difference at higher pressures for flame extinction pre-
dictions, while unfortunately, higher pressure data of flame extinction
limits are not available in the literature for the model validation.

3.2.2. The laminar flame speed

Fig. 8 depicts the laminar flame speed versus the equivalent ratio
for the methane/air mixture at 1 and 10 atm, and the methane/oxygen
mixture at 300 atm. It shows that the predicted laminar flame speeds
using the BWF and TRANLIB (LJ) method closely match the experi-
mental data, with relative errors around 5% at 1 and 10 atm. Notably,
the BWF potential model aligns slightly better with experimental data
at 10 atm than the TRANLIB (LJ) method. While at 300 atm, the
prediction discrepancy between two models was amplified. Moreover,
the laminar flame speeds of DME and n-heptane are also compared in
Figs. 9 and 10, the BWF laminar flame speed is in better agreement with
the experimental data than the TRANLIB (LJ) model by up to 10% at
both 1 and 10 atm. Therefore, it indicates a high accuracy of the BWF
method for predicting laminar flame speeds, especially for long-chain
fuels.
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Fig. 7. The flame extinction limits of the n-heptane/air at an initial fuel temperature
of 550 K, an initial air temperature of 300 K, and initial pressures of 1 and 10 atm
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Fig. 8. The laminar flame speeds of methane at an initial temperature of 300 K and
pressures of 1 atm (methane/air), 10 atm (methane/air), and 300 atm (methane/oxy-
gen) with comparisons to the experimental data: Nilsson [66], Lowry [67], Tse [68],
Dahoe [69].

It is seen that the real-fluid potential model plays a larger impact
on correcting the flame extinction limit than the laminar flame speed
due to a higher transport relevance. Unfortunately, there is a lacking
of experimental data for the measurement of laminar flame speeds and
extinction limits above 50 atm to validate the BWF model at high
pressures.

4. Conclusion

Numerical modeling stands as a pivotal instrument for in-depth
study of extreme combustion conditions such as the supercritical com-
bustion. Our research focuses on elucidating transport properties, par-
ticularly the mass diffusivity, viscosity, and thermal conductivity, which
are key factors influencing on combustion simulations. Intermolecular
interactions need to be considered in transport modeling, especially
in cases where the real-fluid effects are significant. To meet this
requirement, we construct a second-order tensor interaction space, the
Boltzmann-weighted Full-dimensional potential model, which is adept
at accommodating a wide variety of species, including nonpolar and
polar gases, radicals, long-chain alkanes, and ionic species. The model
effectively captures diverse intermolecular interactions, providing key
potential parameters, such as the potential well, molecular diameter,
dipole moment, and polarizability. No extra errors are introduced to
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Fig. 9. The laminar flame speeds of the dimethyl ether/air at an initial temperature
of 300 K and pressures of 1 and 10 atm with comparisons to the experimental data:
Daly [70], Qin (1 atm) [71], Qin (10 atm) [71].
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Fig. 10. The laminar flame speeds of the n-heptane/air at 300 K and 1 atm, 373 K
and 10 atm with comparisons to the experimental data: Dirrenberger [72], Davis [73],
Pitsch [74].

potential parameters by the mixing rules and bath gases. Moreover,
the BWF potential model contains more parameters and describes
the potential energy surface more accurately, effectively improving
the problem that LJ model over-steeply predicts the repulsive walls.
On this basis, its versatility extends to incorporating anisotropy and
temperature dependence in potential parameters through Boltzmann
weighting across various spatial orientations.

We conduct the high-level Symmetry-Adapted Perturbation Theory
calculations using the PSI4 software, yielding a rich array of potential
energy surface datasets. Through careful training on the dataset exceed-
ing 5 % 10° data, we successfully determine the Boltzmann-weighted
Full-dimensional potential parameters for the common nonpolar and
polar gases, radicals, long-chain alkanes, and ions. Then, we use the
BWF potential parameters to provide the transport coefficients over a
wide range of temperatures and pressures (300-2400 K and 1-600 atm).
These BWF transport properties are compared with the LJ transport
properties in the literature and experimental measurements. Encourag-
ingly, the relative errors of the BWF transport properties hover around
1% for nonpolar gases and about 5% for polar molecules, which is
within the acceptable error range of 5%. Expanding the potential to
radicals, long-chain molecules, and ions, the BWF model accurately
reproduces the complex interactions between various particles. It ef-
fectively addresses limitations of the LJ model, including the improper
description of repulsive walls, the under-prediction of the diameters of
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long-chain molecules, and the unavailability of charged particles. Sub-
sequently, we integrate the model into the combustion simulations to
calculate laminar flame speeds and flame extinction limits for methane,
dimethyl ether, and n-heptane at high and low pressures. The results
confirm that the BWF model accurately predicts the combustion char-
acteristics under various complex operating conditions. Notably, for
long-chain alkane n-heptane, the BWF model can accurately improve
the prediction of flame extinction limits, and differs by up to 35% from
the LJ model between 1-10 atm.

In conclusion, this work marks a significant advance in real-fluid
modeling. The development of the Boltzmann-weighted Full-
dimensional potential model has successfully obtained and validated a
variety of potential parameters, which can be used directly as transport
input files for combustion simulation software, such as CHEMKIN
and Cantera. Besides, a series of transport properties and combustion
characteristics of fuels are obtained, which provides strong supports for
the further advancements in the field of combustion.
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