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A B S T R A C T

The 3rd-order Virial equation of state (EoS) with nonlinear effects was constructed and applied to simulate 
various real-fluid fuel oxidations, including hydrocarbons and oxygenated fuels under supercritical conditions. 
The real-fluid effects for hydrocarbon and oxygenated fuel oxidations have been discussed by using the Redlich- 
Kwong (RK) and the 3rd-order Virial methods. The compressibility factors calculated using the 3rd-order Virial 
EoS possess better agreements with experimental data for H2, N2, and H2O at different temperatures and below 
300 atm than the previous 2nd-order Virial EoS and the RK EoS. The calculations of thermodynamic properties 
by using the 3rd-order Virial EoS also showed a better agreement with experimental data for H2O than using the 
RK EoS. The RK method exhibited contradictory speciation predictions against the ideal-gas 0-D and 1-D sim
ulations in H2O and N2/CO2 diluent gases, respectively, while the 3rd-order Virial method kept its consistency. 
Especially, the ignition delay simulation by using the 3rd Virial EoS is extended to the operation conditions 
relevant to the recent SpaceX Starship Raptor engines in CH4/O2 mixture at 600 atm. It shows the decreases in 
the ignition delay times by 3 times by including the real-fluid impact. The simulation results were also compared 
with a series of existing experimental data for ammonia, larger alkanes, and gasoline blends, which show sig
nificant real-fluid effects at low temperatures. Instead of inputting critical pressure and temperature parameters 
of different species manually in the typical empirical methods with high inconvenience and uncertainties, the 
required parameters in the 3rd-order Virial method can be directly obtained from the input transport document 
for real-fluid computations.

Novelty and significance statement

The novelty of this combustion simulation study is the develop
ment of the 3rd-order Virial equation of state (EoS) the application 
to simulate various real-fluid fuel oxidations, including hydro
carbons and oxygenated fuels under supercritical conditions. The 
real-fluid effects of EoS, thermodynamics, and chemical potential 
have been investigated on the freely propagating flame simula
tions of different fuels, respectively. The 3rd-order Virial method 
provides better estimations of the real-fluid behaviors than the 
empirical RK method, especially at high pressures.

1. Introduction

Supercritical combustion in advanced engines and gas turbines has 
been drawing more attention recently due to high thermodynamic ef
ficiency and low emissions [1-6]. It has already been directly applied in 
rocket engines and high-pressure diesel engines. For example, the raptor 
engines in the recent SpaceX Starship [7] are operated under pressures 
above 300 atm by using CH4/O2 mixture in supercritical combustion 
conditions. Its launch misfire and failure are highly relevant to super
critical CH4 combustion and flame instabilities. Therefore, understand
ing the supercritical reaction kinetics is crucial for designing the above 
energy conversion systems and optimizing their burning strategies [1,3]. 
However, the real-fluid effects on combustion modeling need to be 
carefully considered due to the failure of ideal-gas assumptions at such 
high pressures, and real-fluid molecular volume and interaction 
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potential cannot be ignored [8]. Accurate descriptions of real-fluid ef
fects on the equation of state (EoS), thermodynamics properties, 
chemical potentials, and overall reactive flow simulations are crucial for 
investigating supercritical combustion [9].

A series of empirical real-fluid EoSs were proposed in the last cen
tury, including Van de Waals EoS [10], Redlich-Kwong (RK) EoS [11,
12], Soave-Redlich-Kwong (SRK) EoS [13], and Peng-Robinson (PR) EoS 
[14], and they were incorporated into combustion model simulations 
very recently [4,9,15]. Kogekar et al. [9] studied the non-ideal effects on 
the ignition delay times of n-dodecane in high-pressure shock tubes by 
using RK EoS in the Cantera program. Liang et al. [4] studied real-fluid 
thermodynamics and transport properties based on SRK EoS by using the 
CHEMKIN code. The effects of thermodynamics and transport properties 
were discussed respectively on hydrogen/air and methane/air flame 
speed predictions at supercritical conditions. Li et al. [15] simulated 
hydrogen oxidation in supercritical water/carbon dioxide mixtures by 
using PR EoS. However, the empirical methods in the literature lack 
physical insights into molecular interactions and molecular polariza
tions and may result in significant generalization uncertainties beyond 
training datasets. Moreover, in the empirical methods, critical pressures 
and temperatures of molecules and radicals are needed to provide either 
from literature or by computational estimations as additional input in
formation in the Cantera and CHEMKIN software, resulting in high 
inconvenience and uncertainties in the real-fluid combustion simula
tions of large molecules.

Liang et al. [4] evaluated critical pressures and temperatures of 
radicals by l-J potential parameters [16] in the methane system. Kogekar 
et al. [9] estimated these critical properties involved in the n-dodecane 
mechanism by using the Joback group contribution method [17,18]. 
Due to the lack of consistent methods in estimating critical pressures and 
temperatures of molecules and radicals, the simulation results of 
different fuels and summarized rules of real-fluid effects in literature 
lack consistency and universality, and they are hard to be repeated and 
validated.

The Virial EoS was used to describe real-fluid behaviors on hydrogen 
oxidation in previous work [19-23]. Different from the empirical EoS 
methods (e.g. RK, SRK, PR methods) used in literature, the Virial method 
contains deeper-level physical insights, including real-fluid partition 
function calculations, intermolecular potentials, and molecular polari
zations. Moreover, empirical EoSs are fitted by using critical pressures 
and temperatures as fixed points. This treatment may cause significant 
deviations at conditions far away from critical points. For example, the 
Virial method reveals better performance in computing the thermody
namic property calculations of water than the RK method [22].

In this work, the 3rd-order Virial method with nonlinear effects, 
including the corrections of real-fluid EoS, thermodynamics properties, 
and chemical potentials, was developed and incorporated into the 
Cantera program for the reactive real-fluid simulations of various hy
drocarbon and oxygenated fuels. Instead of inputting critical pressure 
and temperature parameters of molecules and radicals manually from 
literature or computational estimations in the typical empirical 
methods, the required parameters for different species in the 3rd-order 
Virial method can be directly and conveniently obtained from the 
input transport document. It enables to simulate supercritical oxidation 
of different fuels with known transport parameters easily. The real-fluid 
effects on compressibility factors, thermodynamic properties, and 
chemical potentials for methane oxidation in supercritical water have 
been discussed respectively. Comparisons between the real-fluid simu
lations of ammonia and larger fuels and experimental data in literature 
have also been provided. This work provides a consistent and universal 
method for computing high-pressure real-fluid properties and predicting 
reactive real-fluid behaviors with high accuracies. The 3rd-order Virial 
method in this work is incorporated in the open-source Cantera program 
for real-fluid computations.

2. Theoretical methods

The Virial EoS [21] is used to describe real-fluid behaviors. 

pṼ
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[20]. The expressions of 3rd-order Virial coefficients can be derived 
from real-fluid partition function calculations based on different inter
molecular potential models under the Boltzmann distribution [21].

Based on the 3rd-order Virial EoS, Lennard-Jones (L-J) (6–12) po
tential [24] and Stockmayer potential [19,25], the corrections of 
real-fluid thermodynamics and chemical potentials [9] are also derived 
and extended from hydrogen to various fuels in this work by using the 
transport properties of different species.
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where B★, B★
1 , B★

2 , C★, C★
1 and C★

2 are dimensionless Virial coefficient 
and its first- and second-order derivative, T★ and V★ are dimensionless 
temperature and volume.

All derived equations applied to the various reaction simulations 
have been incorporated into the Cantera Code [26] and packed as the 
real-fluid 3rd-order Virial model to implement the real-fluid simulations 
in this work.

The RK EoS is: 

p =
RT

Ṽ − b
−

a
Ṽ

̅̅̅
T

√
(Ṽ + b)

(5) 

where a and b are parameters describing real-fluid effects, and they are 
computed using critical properties. The advantages of the 3rd-order 
Virial method are obvious compared to the RK method. The 3rd-order 
Virial method contains deeper-level physical insights by including 
real-fluid partition function, intermolecular potentials, and molecular 
polarizations. Additionally, for a detailed mechanism of larger fuels with 
more species involved, the determination of parameters describing real- 
fluid behaviors in RK EoS is complicated. Liang et al. [4] evaluated 
parameters a and b of species by critical properties, while critical 
properties of radicals were estimated by l-J potential parameters [16] in 
the methane system. Kogekar et al. [9] estimated the critical properties 
of radical species involved in the n-dodecane mechanism by using the 
Joback method [17,18]. Namely, a user needs to process numerous 
complicated parameter estimations for every input mechanism by using 
empirical methods, which increases significant workload and unavoid
able uncertainties in different parameter evaluation methods. Moreover, 
the simulation results lack consistency and universality due to different 
treatments for parameter estimations in the literature. However, for the 
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3rd-order Virial method, the estimation of l-J potential parameters is not 
necessary as they are already provided for different molecules and 
radicals in transport input files. Therefore, the required l-J potential 
parameters in the 3rd-order Virial method can be directly acquired from 
the transport input document by using a simple script file. The real-fluid 
behaviors can be discussed respectively for diverse fuels based on 
consistent l-J potential parameters, avoiding extra uncertainties in 
parameter estimations for a real-fluid equation of state. This is another 
obvious advantage of the 3rd-order Virial method rather than the RK 
method.

The difference of the computation method used in this work 
compared to our previous work [22] is shown in Table 1. 1) The 3rd-or
der Virial method with nonlinear effects, including the corrections of 
real-fluid EoS, thermodynamics properties, and chemical potentials, was 
developed and incorporated into the Cantera program in the present 
work. It improves the predictions of compressibility factors, compared 
to the previous 2nd-order method. 2) The range of application extends 
from hydrogen to various hydrocarbon and oxygenated fuels in the 
present work. 3) The required parameters for different species in the 
3rd-order Virial method can be directly and conveniently obtained from 
the input transport document, instead of inputting critical pressure and 
temperature parameters of molecules and radicals manually from liter
ature or computational estimations in the typical empirical methods.

3. Results and discussion

3.1. The 3rd-order virial EoS

In our previous work [22], the calculations of compressibility factors 
by employing the 2nd-order Virial EoS show better consistency with 
JANAF experimental data [27] below 200 atm than the RK method, 
especially for dilute gases N2, CO2, and H2O. However, its predictions 
become worse above 200 atm.

Therefore, the 3rd-order Virial EoS was constructed and applied to 
simulate various real-fluid fuel oxidations, including hydrocarbons and 
oxygenated fuels under supercritical conditions in this work. The 
compressibility factors computed by employing the 3rd-order Virial EoS 
and the RK EoS are shown in Fig. 1. It shows that the compressibility 
factors calculated using the 3rd-order Virial EoS possess better agree
ments with experimental data for H2, N2, and H2O at different temper
atures below 300 atm, especially for the predictions of H2O. According 
to Fig. 2, the compressibility factors computed by employing the 3rd- 
order Virial EoS show more improvements than the previous 2nd- 
order Virial EoS referring to experimental data of pure N2, H2, and H2O.

3.2. Comparison for thermodynamic properties corrections

Corrections of thermodynamic properties, such as enthalpy (H), heat 
capacity (Cp), and entropy (S), for pure H2O at 100 atm are calculated 
using the 2nd and 3rd-order Virial EoS and the RK EoS and are compared 
with the JANAF data [27], which is from direct measurement or 
extrapolation, in Fig. 3. It shows that the real-fluid corrections of 
enthalpy and heat capacity using both the 2nd and 3rd-order Virial EoS 
show improved agreements with the JANAF data than using the RK EoS. 
The difference between the entropy corrections using the 2nd and 

3rd-order Virial EoS and in the JANAF table is insignificant. Due to 
underestimation of real-fluid effects on heat capacity using the RK EoS, 
deeper weakness may appear in its adiabatic simulations. In addition, 
the predicted real-fluid heat capacity is about 20 % larger than the 
ideal-gas value of H2O (Cp = 38.7 J/mol K-1 at 800 K [34]) at 800 K and 
100 atm, resulting in a potential 20 % deviation of temperature in 
ideal-gas adiabatic simulations.

3.3. The simulations for methane

The real-fluid impact of compressibility factors, real-fluid thermo
dynamics properties, and real-fluid chemical potentials on the simula
tions of hydrocarbon oxidation have been studied in this work. The 
oxidation of methane is taken as an example to investigate real-fluid 
effects on the simulations.

The 3rd-order Virial method and the RK method were modified to 
consider (a): real-fluid EoS only; (b): real-fluid thermodynamic proper
ties only; (c): real-fluid chemical potentials only; (d): total effects. The 
methane oxidation are performed in a 0-D, adiabatic, homogenous 
reactor using H2O as diluent gas at 300 atm, and are shown in Fig. 4. In 
Fig. 4(a), only the effects of compressibility factors were considered. The 
formulas of volume computations were changed based on 3rd-order 
Virial EoS and RK EoS while ideal-gas thermodynamics properties and 
chemical potentials were used. The oxidations increase using both real- 
fluid methods because of the increase of density in real-fluid than the 
ideal-gas case.

Table 1 
The differences of the methods and simulations used in this work compared to 
our previous work.

Differences The previous 
work

This work

The Virial method 2nd-order 3rd-order with nonlinear effects
Range of 

application
Hydrogen various hydrocarbon and oxygenated 

fuels
Real-fluid 

parameters
manually 
inputted

obtained from the input transport 
document

Fig. 1. The compressibility factors computed by employing the 3rd-order Virial 
EoS and the RK EoS with comparison to experimental data of pure N2 [28], H2 
[28], CO2 [29], H2O [30], O2 [31], NH3 [32], NO [33] and mixture of N2 and 
H2 [28].

Fig. 2. The compressibility factors computed by employing the 3rd-order Virial 
EoS and the 2nd-order Virial EoS with comparison to experimental data of pure 
N2 [28], H2 [28], and H2O [30].

J. Bai et al.                                                                                                                                                                                                                                       Combustion and Flame 270 (2024) 113728 

3 



In Fig. 4(b), only the effects of real-fluid thermodynamics properties 
were considered. The corrections of real-fluid thermodynamics proper
ties in the 3rd-order Virial and the RK methods were used, while ideal- 
gas EoS and chemical potentials formulas were fixed. The major impact 
of real-fluid thermodynamics properties comes from the increase of heat 
capacity, especially in H2O diluent gas. The increase in heat capacity 
will result in a decrease in system temperature in the adiabatic simu
lation, to inhibit the methane oxidation. Namely, the reactivities 
decrease with the effects of real-fluid thermodynamics properties. The 
corrections of thermodynamics properties of pure H2O computed by 
using the Virial method [22] are more accurate than using the RK 
method referring to the JANAF table [27]. Since the heat capacity 
computed by using the Virial method is larger than that using the RK 

method, the inhibiting effect is more distinct by using the Virial method 
than the RK method.

In Fig. 4(c), only the effects of real-fluid chemical potentials were 
considered. Real-fluid chemical potential corrections were employed 
while ideal-gas EoS and thermodynamics properties were kept. With 
molecular interactions in real-fluid methods, the collision and con
sumption rates of fuel mixtures tend to be accelerated. Hence, the re
activities increase with the impact of real-fluid chemical potentials by 
using both real-fluid methods. However, the impact of real-fluid chem
ical potential by using the RK method is insignificant in comparison with 
the 3rd-order Virial method. We speculate that the RK method reveals 
less effectiveness on the simulations in H2O dilutions at low tempera
tures without considering the polarity of H2O and its interactions with 

Fig. 3. Real-fluid corrections of thermodynamic properties enthalpy (H), heat capacity (Cp), and entropy (S) for pure H2O at 100 atm calculated using the 2nd/3rd- 
order Virial EoS and the RK EoS and comparison with JANAF data.

Fig. 4. The speciation simulations of methane in a 0-D adiabatic, homogenous reactor using H2O as diluent gas at 300 atm by using the 3rd-order Virial, RK, and 
ideal-gas methods. (a): real-fluid EoS only; (b): real-fluid thermodynamic properties only; (c): real-fluid chemical potentials only; (d): total effects. CH4:O2:H2O =
2.9:4.24:92.86. Residence time = 295 K * 0.15 s / T.
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non-polar molecules.
In Fig. 4(d), total effects of real-fluid were considered. The real-fluid 

oxidation increases by using the 3rd-order Virial method while de
creases using the RK method. The simulations at different temperatures 
and pressures for different fuels in N2/CO2 diluent gases are also per
formed (see Figs. 5, 6, and S1 in the supporting material), where the 
reactivities all increase using both the 3rd-order Virial and the RK 
methods. As such, the RK method exhibits contradictory speciation and 
ignition simulation predictions in H2O and N2/CO2 diluent gases, 
respectively, while the 3rd-order Virial method keeps its consistency. 
Unfortunately, no experimental data on the ignition delay times is 
available to validate the real-fluid effects on the fuel oxidation simula
tions in H2O diluent gas at high pressures. We suspect the contradictory 
prediction by using the RK method is due to the large uncertainty in 
describing the real-fluid chemical potentials in the RK method, as is 
shown in Fig. 4(c). Lack of consideration of molecular polarity of H2O 
and its interactions with non-polar molecules may be the main reason 
for the failure of the RK method on the simulations in H2O dilute gas at 
low temperatures. Experimental data in H2O diluent gas at high pres
sures (above 100 atm) are necessary to further verify this conjecture.

The simulations of the ignition delay times for the methane oxidation 
and their comparison with experimental data [35] in CO2 diluent at 110 
and 250 atms are shown in Fig. 5. The ignition delay times are defined 
based on the maximum of the change of pressures. HP mechanism [36] 
is used in the simulations. The potential parameters required in the 
3rd-order Virial method are extracted from the transport file [37] of the 
HP mechanism. The ignition delay times are shortened by including the 
real-fluid behavior by using both real-fluid methods at both pressures in 
the simulations. At 110 atm, the simulations by employing both 
real-fluid methods show better performance in predicting the ignition 
delay times than by using the ideal gas method, while at 250 atm, both 
real-fluid methods show more obvious improvement as the non-ideal 
behavior becomes more severe at higher pressures. This figure in
dicates good consistency of the RK and the 3rd-order Virial methods in 
carbon dioxide diluent.

The raptor engine of SpaceX Starship was operated in a CH4/O2 
mixture above 300 atm. Its ignition characteristics have also been 
investigated by using the 3rd-order Virial method in the present work. 
As is shown in Fig. 6, the simulations of CH4/O2 ignition delay times are 
performed by using the 3rd-order Virial, RK, and ideal-gas EoSs at 600 
atm. The real-fluid ignition delay times increase using both the 3rd- 
order Virial and the RK methods. Especially, the ignition delay time is 

decreased by a factor of 3 at 800 K by using the 3rd-order Virial method 
than in the ideal-gas case. It indicates the crucial impact of real-fluid 
behaviors in the design and operation of high-pressure rocket engines.

3.4. The simulations for larger hydrocarbons

The experimental data at high pressures (above 100 atm) for the real- 
fluid fuel oxidation validations is very rare, resulting in limited com
parisons between high-pressure experiments and the simulations of fuel 
oxidations. To exhaustively characterize canonical spray ignition and 
combustion experiments at realistic compression-ignition engine con
ditions, an experiment of the Sandia Spray A [38] was performed, where 
the baseline condition is n-dodecane injection into an ambient gas at a 
temperature of 900 K and a pressure of 60 atm. The simulations of the 
ignition delay times for the n-dodecane oxidation in air at 60 atm and 
their comparison with experimental data [9] are shown in Fig. 7. A 
reduced n-dodecane-PAH mechanism [39] is used in the 3rd-order Virial 
method simulations, which is consistent with the mechanism used by 
Kogekar et al. [9] in the simulations employing the RK method. Negative 
temperature coefficient (NTC) effects are shown in both theoretical and 
experimental results. The simulations using the RK method show better 
agreements with experimental data at high temperatures (above 1000 K) 

Fig. 5. The comparison of the ignition delay time simulations for the methane 
oxidation in carbon dioxide diluent with experimental data [35] at high pres
sures by using RK, 3rd-order Virial, and Ideal-gas methods.

Fig. 6. The simulations of the ignition delay times of the CH4/O2 mixture in a 
0-D adiabatic, homogenous reactor at 600 atm. CH4:O2=1:1.

Fig. 7. The comparison of the ignition delay time simulations for the n- 
dodecane oxidation with experimental data [9] by using RK, 3rd-order Virial, 
and Ideal-gas methods.
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while remaining larger deviations at low temperatures. The difference 
due to the inaccuracy of the chemical kinetics is also significant, 
comparing with the effects of real-fluid behaviors, especially at the 
relatively low pressures. The same problem exists in our other com
parisons with experimental data in Fig. 8. Additionally, the real-fluid 
ignition delay times increase by using both real-fluid methods. This is 
consistent with our discussion for Fig. 5 in N2/CO2 diluent gases.

The simulations of the ignition delay times for the gasoline/ethanol 
blend oxidation in Ar/N2 at 90 to 110 bar and their comparison with 
RCM experimental data [40] are shown in Fig. 8. A gasoline mechanism 
[40] with 1956 species and 10,294 reactions has been reduced to 577 
species and 3562 reactions to decrease real-fluid computational cost. It 
could be seen that the results simulated by using the original mechanism 
and reduced mechanism show good agreement. The ignition delay times 
are shortened by including the real-fluid behavior by using the 3rd-order 
Virial method. Compared with the ammonia oxidation simulations, the 
impact of real-fluid effects is larger in the gasoline/ethanol blend 
oxidation simulations, due to higher compression pressures and lower 
compression temperatures.

The simulation results of gasoline/ethanol blend oxidation using 
H2O as diluent gas at 300 atm by including real-fluid effects in the 3rd- 
order Virial methods are compared with ideal-gas results and are shown 
in Fig. 9. The real-fluid oxidation is inhibited using the 3rd-order Virial 
method. The ignition delay time is increased by 86 % at 800 K by using 
the 3rd-order Virial method. This indicates that a significant difference 
exists due to real-fluid behaviors at high pressures using H2O as a diluent 
gas.

3.5. The simulations for ammonia

Ammonia (NH3) is considered a promising alternative fuel to reduce 
the carbon footprint of combustion engines, while possesses very 
distinct real-fluid behavior at high pressures due to its strong non- 
polarity. Thus, the combustion properties of ammonia at high pres
sures and supercritical conditions need to be properly characterized 
[41]. The simulations of the ignition delay times for the ammonia 
oxidation in Ar at 55 to 75 bar and their comparison with RCM exper
imental data [42] are shown in Fig. 10. A recent ammonia mechanism 
[43] is used in the simulations. The reactivities of the system increase by 
using the 3rd-order Virial method.

The impact of real-fluid in N2 diluents is relatively small. However, in 
many supercritical combustion environments, such as supercritical 
water environments in liquid-fuel rockets and solid propellant com
bustion, the real-fluid behaviors have a greater influence. The simula
tion results of ammonia oxidation using H2O as diluent gas at 300 atm by 
including real-fluid effects in the 3rd-order Virial methods are compared 
with ideal-gas results and are shown in Fig. 11. The real-fluid oxidation 
is inhibited using the 3rd-order Virial method at lower temperatures. 
The ignition delay time is increased by 26 % at 800 K by using the 3rd- 
order Virial method. The major impact comes from the increase of heat 
capacity in H2O diluent gas.

The comparisons of the ignition delay time simulations for methanol, 

DME, propane/ethane/methane, propane, and n-butane oxidation with 
experimental data are shown in the supporting material. The 3rd-order 
Virial method provides better predictions for the oxidation of C1 to C4 
fuels and n-dodecane in most cases. However, the real-fluid effects 
shown in some cases are relatively small. This is mainly caused by their 
low-pressure experimental conditions and hence relatively small real- 
fluid deviations of mixtures from ideal gas. The real-fluid behavior is 
more distinct at higher pressures and lower temperatures where fluid 
properties are closer to liquid. However, ignition delay time measure
ments of fuels above 100 atm are quite lacking in literature. A series of 
flow reactor experimental data against induction time in supercritical 
water is available in the literature [44-46]. However, the onset of the 
reaction timing in the flow reactor inlet is very difficult to fix in an 
experiment. Therefore, the simulation curves must shift to correspond 
with the experimental curve against the induction time. Such un
certainties directly erase the impact of real-fluid behavior on the devi
ation of the ideal-gas curves [47]. Therefore, more experiments for the 
oxidation of different fuels above 100 atm are necessary to further 
validate the 3rd-order Virial method.

The 3rd-order virial real-fluid method in the 0-D simulations has 
been completely realized in this work. However, the research on real- 
fluid effects on transport properties and the 1-D simulations is still un
realized. Developing complete methods and codes based on the Cantera 
program to describe real-fluid effects on compressibility factors, ther
modynamics properties, chemical potentials, and transport properties, 

Fig. 8. The comparison of the ignition delay time simulations for the gasoline/ 
ethanol blend oxidation with experimental data [40] by using the 3rd-order 
Virial and ideal-gas methods. Tc=800 K.

Fig. 9. The simulations of the ignition delay times of gasoline/ethanol blend in 
a 0-D adiabatic, homogenous reactor using H2O as diluent gas at 300 atm by 
using the 3rd-order Virial and ideal-gas EoSs.

Fig. 10. The comparison of the ignition delay time simulations for the 
ammonia oxidation with experimental data [42] by using the 3rd-order Virial 
and Ideal-gas methods. NH3:O2:Ar = 0.16:0.04:0.8. Tc=1200 K.

Fig. 11. The simulations of the ignition delay times of ammonia in a 0-D 
adiabatic, homogenous reactor using H2O as diluent gas at 300 atm by using 
the 3rd-order Virial and ideal-gas EoSs.
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and further studying real-fluid effects on the 1-D simulations, and 
comparing with experimental data in 1-D system will be our future 
work.

In addition, the existing Virial method is constructed under the 
Boltzmann distribution by employing the l-J potential. Unfortunately, at 
higher pressures (above 300 atm), the Boltzmann assumption for diluted 
gases does not hold and the l-J potential is not accurate enough to 
describe intermolecular interactions. Therefore, the existing Virial 
method does not show advantages above 300 atm. By including the non- 
Boltzmann distribution in the real-fluid partition function calculation 
and more accurate intermolecular potential models, the Virial method 
can be utilized at much higher pressures, while traditional empirical 
methods may only be effective close to critical points within the training 
datasets. The development of the non-Boltzmann Virial method is also 
our future work.

4. Conclusion

The 3rd-order Virial equation of state with nonlinear effects is con
structed and applied to the Cantera program for describing supercritical 
oxidation behaviors in this work. The compressibility factors calculated 
using the 3rd-order Virial EoS possess better agreements with experi
mental data for H2, N2, and H2O at different temperatures within 300 
atm than the RK EoS and the previous 2nd-order Virial EoS. The cal
culations of thermodynamic properties by using the 3rd-order Virial EoS 
also showed a better agreement with experimental data for H2O than 
using the RK EoS.

The real-fluid effects on compressibility factors, thermodynamic 
properties, and chemical potentials for methane oxidation have been 
respectively discussed by using the RK and 3rd-order Virial methods. 
The RK method exhibited contradictory speciation predictions against 
the ideal-gas 0-D and 1-D simulations in H2O and N2/CO2 diluent gases, 
respectively, while the 3rd-order Virial method kept its consistency as 
the former lacks the consideration of the molecular polarity of H2O and 
its interactions with non-polar molecules.

The comparisons between the real-fluid simulations of alkanes, 
ammonia, and larger gasoline blends and their experimental data in 
literature have also been provided. Both real-fluid methods show 
obvious improvement in the methane oxidation in CO2 diluent at 250 
atm. Especially, the ignition delay simulation by using the 3rd-order 
Virial EoS is extended to the operation conditions relevant to the 
recent SpaceX Starship Raptor engines in CH4/O2 mixture at 600 atm. It 
shows the decrease in the ignition delay times by 3 times by including 
the real-fluid impact. Therefore, it indicates the importance of real-fluid 
considerations in the designs and operations of high-pressure rocket 
engines by using high-accuracy computational methods.

The simulation results of gasoline/ethanol blend oxidation using 
H2O as diluent gas at 300 atm indicate that a significant difference may 
be caused by real-fluid behaviors at high pressures using H2O as diluent 
gas. The real-fluid oxidation is inhibited using the 3rd-order Virial 
method for gasoline/ethanol blend oxidation in H2O diluents at 300 
atm. The ignition delay time is increased by 86 % at 800 K by using the 
3rd-order Virial method.

Overall, the 3rd-order Virial method is constructed with deeper-level 
physical insights compared with empirical methods. Instead of inputting 
critical property parameters manually from literature or computational 
estimations with high inconvenience and uncertainties in the typical 
empirical methods, the required potential parameters of different spe
cies in the 3rd-order Virial method can be directly and conveniently 
obtained from the input transport document.
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