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ARTICLE INFO ABSTRACT
Keywords: A real-fluid computation model using the Virial equation of state and the Enskog transport model was developed
Real fluid

in this work to simulate real-fluid laminar flame propagations, and it was also compared with the Redlich-
Kwong-Ely-Hanley/Takahashi real-fluid model in literature. The real-fluid effects of equation of state, thermo-
dynamics, chemical potential, thermal conductivity, and mass diffusion have been investigated on the freely
propagating flame simulations of different fuels. The contribution and the source of uncertainties by different
real-fluid properties are also comprehensively discussed. The overall effects of real-fluid behaviors on the laminar
flame speed simulations in HoO-dilute mixtures can reach 35 % at 100 atm, which reveal that accurate de-
scriptions of real-fluid effects are crucial for flame speed predictions, especially using dilute gas with a high
polarization, such as HyO. The Redlich-Kwong-Ely-Hanley/Takahashi model shows severe over-predictions of the
hydrogen laminar flame speeds due to its significant weakness in predictions of thermal conductivities of mix-
tures by comparing with the NIST data, while the present Virial-Enskog model exhibits more reasonable pre-
dictability. The real-fluid simulations of the laminar flame speeds of DME and n-heptane flames by using the
Virial-Enskog model and the Redlich-Kwong-Ely-Hanley/Takahashi model are compared with the available
experimental data. It shows a crucial real-fluid effect on the simulations of DME and n-heptane flame speeds, up
to 8 % discrepancy from the ideal-gas flame speed prediction, even at 20-25 atm. Overall, the Virial-Enskog
model provides better estimations of the real-fluid behaviors than the empirical Redlich-Kwong-Ely-Hanley/
Takahashi model, especially at high pressures.
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Novelty and significance statement

1. Introduction
The novelty of this combustion simulation study is the develop-

ment of a real-fluid computation model using the Virial equation
of state (EoS) and the Enskog transport model to simulate real-
fluid laminar flame propagations. It includes deeper-level phys-

To achieve lower emissions and higher thermodynamic efficiency,
the supercritical combustion strategy at high pressures is drawing

ical insights compared with the RK-EH/Takahashi real-fluid increasing attention in the design of advanced internal combustion en-
model in the literature. The real-fluid effects of EoS, thermody- gines and rocket engines [1-4]. Its distinct features are that the pressure
namics, chemical potential, thermal conductivity, and mass is generally above 100 atm, and most of the reactants and products are in
diffusion have been investigated on the freely propagating flame the supercritical phase [5,6]. The traditional ideal-gas reaction kinetics
simulations of different fuels, respectively. The contribution and theory is not applicable to the study of supercritical combustion in en-
the source of uncertainties by different real-fluid properties are gines, where the intermolecular force is not negligible, and the molec-

comprehensively discussed. The Virial-Enskog model provides
better estimations of the real-fluid behaviors than the empirical
RK-EH/Takahashi model, especially at high pressures.

ular collision cross section and the collision frequency are generally
different from ideal-gas parameters [7]. Therefore, species density,
thermodynamic properties, and transport properties need to be
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computed by considering the real-fluid effects. For example, the
real-fluid heat capacity of water at 100 atm and 800 K is 20 % higher
than the corresponding ideal-gas state value [8], potentially resulting in
a 20 % difference in the adiabatic flame temperature predictions.

A computation code for real-fluid thermodynamics using the Virial
equation of state (EoS) has been developed and validated in our previous
work on the 0-D real-fluid simulations [8,9]. The Virial method can
provide more accurate and convenient evaluations of real-fluid
compressibility, thermodynamics, and chemical potential computa-
tions than the empirical Redlich-Kwong (RK) EoS method [10,11] under
supercritical conditions for universal fuels. However, the real-fluid
transport properties have not been computed, and their effects on the
1-D real-fluid flame simulations have not been studied.

The rigorous kinetic theory of dilute fluids proposed by Chapman
and Enskog [12] was adopted in the conventional calculation method of
transport parameters [13,14]. It assumes that there are only two-body
collisions and the molecular volume is ignorable. These assumptions
are valid in dilute fluids while creating distinct errors in dense fluids,
such as the supercritical fluid, where molecular structures and
multi-body interactions are non-negligible. To further describe the
pressure dependence of the transport properties in dense fluids, both
empirical and theoretical models were developed in the literature.

The empirical models were generally fitted with experimental data of
species transport at varied pressures, which lacks of physical insights on
real-fluid intermolecular interactions. Moreover, experimental mea-
surements of species’ thermal and mass diffusivities against pressure are
very limited and have large uncertainties, especially for radicals and
complex molecules at high pressures. Generally, researchers utilize
measured transport properties of known molecules to predict the
transport parameters of similar molecules and radicals based on critical
properties, which is named the principle of corresponding states [15].
Ely and Hanley [15] reported the fitting formula of thermal conduc-
tivities of pure substances and mixtures based on the principle of cor-
responding states referring to the experimental data of methane. The
predicted data was compared with experimental data of dozens of pure
substances and mixtures. The prediction error of thermal conductivity is
up to 20 % at low temperatures and high pressures. Takahashi [16]
reported a generalized chart for the corrections of self- and
binary-diffusion coefficients of mass at high pressures based on the
principle of corresponding states. Based on the experimental fitting
method of transport properties, Liang et al. [17] studied the effects of
real-fluid transport properties on laminar flame speeds at high pressures
by simulating laminar flame propagations in supercritical hydrogen/air
and methane/air mixtures. The methods of Ely and Hanley (EH) and
Takahashi were employed in the calculations of thermal conductivities
and self-/binary-diffusion coefficients, respectively. However, the
laminar flame speeds in supercritical hydrogen/air mixtures decrease
with including the real-fluid thermal conductivities according to their
work, which is not physical. That is because the thermal conductivities
increase due to the real-fluid interactions according to the experimental
data in NIST database [18], resulting in an increase of laminar flame
speeds accordingly [19]. Gopal et al. [20] investigated the real fluid
effects in cryogenic laminar premixed CH4—O; flames using the
Peng-Robinson (PR) EoS and the Chung [21] and Takahashi [16]
empirical correlations for real fluid transport properties. The real fluid
flame speed is smaller than the ideal gas by a factor of about 5 in their
simulations at 140K. Terashima et al. [22] studied propagating flames
under high-pressure conditions with real-fluid combustion modeling
using the Soave-Redlich-Kwong (SRK) EoS and the Chung [21] and
Riazi/Whitson [23] empirical correlations for real fluid transport
properties. The results demonstrate that the real-fluid consideration
offers a better prediction accuracy for the negative pressure dependence
of the mass burning rate in the Hy/Oy/Ar flame case compared to the
ideal-gas model. However, the influence of density, thermodynamics,
chemical potential, and transport properties on real-fluid flame com-
putations has not been separately discussed in these studies. Giovangigli
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et al. [24] investigated a detailed high-pressure flame model and the
structure of planar transcritical Ho—O2-N; flames, and performed a
sensitivity analysis with respect to the model’s parameters. The Soa-
ve-Redlich-Kwong EoS was employed and the transport coefficients
were obtained by using Stefan-Maxwell equations derived from the ki-
netic theory of dense gases or from experiments in fluids. Weng et al.
[25] investigated on the dynamics of adiabatic and nonadiabatic
spherically expanding laminar flame using the Noble-Abel EoS. The ef-
fect of the finite molecular volume was considered and characterized by
a covolume parameter. Zhang et al. [26] simulated the propagation of
laminar oxy-syngas and oxy-methane flames diluted by supercritical
carbon dioxide. The real fluid models were considered for the equation
of state, thermodynamic functions, transport properties, as well as the
mass action law using the Redlich-Kwong EoS. The Chung’s model [21]
revised by Gopal et al. [20] was used for thermal conductivity calcula-
tion while Takahashi’s model [16] was adopted for binary diffusion
coefficient. Lv et al. [27] comprehensively evaluated real-fluid effects on
laminar premixed Hy/O, flames under cryogenic and high-pressure
conditions by using the Peng-Robinson EoS. This work highlights the
significance of the correction of transport properties for predicting flame
thickness.

Enskog first developed a kinetic theory of dense fluids made up of
rigid spherical molecules [13,14]. Due to the non-ignorable molecular
volume in this special model, the increased collisional transfer of mo-
mentum and energy and collisional frequency need to be accurately
described. The correction factors of transport properties were derived
based on the modified Boltzmann equation. Although the derivations
were obtained for fluids made up of rigid spherical molecules, Enskog
also reported that these corrections can be applied to real fluids by
introducing the “thermal pressure” [13,14]. Therefore, the Enskog
model includes physical insights in the statistic mechanics level, and
exhibits the potential for improved accuracy comparing with the
empirical models, especially for large molecules and radicals. However,
the Enskog model has not been applied for real-fluid simulations, even
though it has been developed for years. That is because it needs to be
employed based on the realization of the Virial equation of state (EoS).
Fortunately, we have developed and applied the Virial EoS source code
in cantera for 0-D real-fluid simulations in our recent works [8,9], and
then we apply the Enskog model for theoretical computations of
pressure-dependent real-fluid transport properties and for 1-D flame
simulations in this work.

Here, the computation code for real fluids by using the Virial EoS and
the Enskog transport model was developed as the theoretical Virial-
Enskog model and incorporated into the Cantera program [28]. The
calculations of real-fluid transport properties have been coupled with
the calculations of real-fluid EoS, thermodynamics properties, and
chemical potentials to realize the 1-D simulations by using the
Virial-Enskog model at high pressures. Its predictivity was also
compared with the empirical RK-EH/Takahashi model, which was
comprised of the RK EoS and the EH/Takahashi transport model. The
real-fluid effects on compressibility factors, thermodynamic properties,
chemical potentials, and transport properties for the laminar flame
simulations in different supercritical mixtures have been discussed
respectively. The laminar flame speed results simulated by using the
real-fluid methods were also compared with the available experimental
data in the literature.

2. Theoretical methods

For the 1-D flow problem with chemical reactions, the governing
conservation equations are reduced to:

dT 1 d dr\ A &
de dex(M—>
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M%+dix(pAYka)fAd)ka:0(k:17...,K) 2
where M = puA is the mass flow rate; p is the mass density; u is the
velocity of the mixture; A is the cross-sectional area; T is the tempera-
ture; x is the 1-D coordinate; ¢, and ¢y are the constant-pressure heat
capacity of the mixture and the k-th species; 4 is the thermal conduc-
tivity; Yx and Vi are the mass fraction and mass diffusion velocity of the
k-th species; @y, hx,Wy are the molar rate of production by chemical
reaction per unit volume; the specific enthalpy; and the molecular
weight of the k-th species.

To account for the real-fluid behaviors in the 1-D simulations, the
density p was calculated using the RK EoS and the Virial EoS, the total
enthalpy, the total heat capacity, and the rate of production was
calculated based on the RK method and the Virial method. The Virial
method and the RK method have been described comprehensively in our
previous work on the 0-D real-fluid simulations [8,9]. The Virial EoS
[13] was used to describe real-fluid behaviors in the Virial method:
B(T)

pv

14227 3
RT + v 3
where the coefficient B(T) is called the second Virial coefficient, rep-
resenting the correction of real-fluid effects [29]; p, V are pressure and
molar volume; R is the ideal-gas constant. Real-fluid partition function
with Lennard-Jones (L-J) (6-12) potential [30] and Stockmayer poten-
tial [31,32] models were used to derive the expressions of Virial
coefficients.

The RK EoS [10,11] is:
RT a

_RT & 4
L N (AT @

where the parameters a and b, accounting for the real-fluid behaviors,
are calculated by using critical properties. The corrections of real-fluid
thermodynamics and chemical potentials [33] were also derived based
on the Virial EoS and the RK EoS to realize the complete Virial method
and RK method. The species activity «; is influenced by a function of
chemical potential y; for real fluids and y{ for ideal fluids [33]:

L Hi— Y
a; = exp (—RT ) (5)
The relationship between activity a and fugacity f can be represented
as:
f
a== (6)
fo

where f° is the fugacity at standard state (usually 1 atm or pressure
under other standard conditions).

All the codes above have been realized, validated, and incorporated
into the Cantera program [28] in our previous work [8,9]. However, the
corrections of the partial molar enthalpy, the partial molar heat capac-
ity, the thermal conductivity, and the mass diffusion need to be derived
and coupled with the 0-D real-fluid simulation code in this work to fully
realize the real-fluid 1-D simulations.

First, the partial molar enthalpy hy and the partial molar heat ca-
pacity ¢, were computed by taking the derivative of the total enthalpy h
and the total heat capacity ¢, with respect to the molecular number of
species m:

_ (9
= (3n),, ?
hy = (ﬂ) ®)
0nk TV
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where V is the volume. The partial molar enthalpy hy and the partial
molar heat capacity ¢, were derived for both the Virial method and the
RK method in this work.

The thermal conductivities and the mass diffusions were calculated
by using both the EH/Takahashi model and the Enskog model. For the
EH/Takahashi model, we used the calculation formula of the thermal
conductivities at high pressures reported by Ely and Hanley. The prin-
ciple of corresponding states was used to predict the thermal conduc-
tivities of all pure substances and mixtures by referring to the measured
thermal conductivities of methane at different relative pressures p, =
p/p. and relative temperatures T, = T/T,, where p and T are the pres-
sures and temperatures of the system, p. and T, are the critical pressures
and critical temperatures.

The real-fluid mass diffusion was calculated by using the correction
formula and chart derived by Takahashi. The correction formula is:

D/D° =F,(1-AT.;®)(1-CT.F) 9

where D/D is the total correction factor, F, presents the pressure cor-
rections, while (1 —AT;8) (1 —CT;E) presents the temperature correc-
tions. The coefficients F,, A, B, C, and E can be sought from the
correction chart using the relative pressures p, and relative temperatures
T.

For the theoretical Enskog model, the correction factors of transport
properties were derived based on the modified Boltzmann equation
using rigid spherical molecules models and generalized to apply to real
fluids. The correction formulas of the thermal conductivities A and the
mass diffusions D are:

o1
——=—+1.2+0.755 10
by Y (10)
DV 1

=241 11
D%,y + 11
where by =B+ T4, 1° and D° are the ideal thermal conductivities and
the ideal mass diffusions. y is the correction factor given by

_Vp(®) ]
=gl 7(ar),] 2

To describe real-fluid behaviors in fluid mixtures, a series of theo-
retical mixing rules [13] are applied for Virial coefficient calculations in
this work. The second Virial coefficient B, in mixtures is obtained as:

Buix = »_ Y XiX;Bj 13)
ij

Where X; is mole fraction of i-th species. The interactive second Virial
coefficient B; is computed using corresponding interactive force con-
stants. The similar mixing rules are used for transport models.

The multi-component model considering the Soret effect was used
for all the calculations. The multicomponent diffusion coefficients,
thermal conductivities, and thermal diffusion coefficients are computed
from the solution of a system of equations defined by the so-called L
matrix [34]. It is convenient to refer to the L matrix in terms of its nine
block sub-matrices. The critical properties for radicals and intermediate
species were estimated based on the critical properties for stable mole-
cules. The inlet boundary condition of fuels was defined in velocity.

In 1-D simulations in Cantera, the width of the domain is set as 0.03
m, the initial grid is set as [0.0, 0.001, 0.01, 0.02, 0.029, 0.03], and the
criteria used for grid refinement is set as (ratio=3, slope=0.02,
curve=0.02), the number of points in domain is normally higher than
100.

This work mainly aims to construct the Virial-Enskog model. The RK-
EH/Takahashi model is chosen for comparison since it has already
partially applied in Cantera. RK and EH/Takahashi models were already
realized and only some interfaces needed to be supplemented.
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Therefore, we only compare the performance of the Virial-Enskog model
with the RK-EH/Takahashi model in Cantera to avoid additional simu-
lation uncertainties from using different programs.

3. Results and discussion
3.1. Hydrogen/air flames

The RK-EH/Takahashi model and the Virial-Enskog model were used
to perform the simulations of the hydrogen laminar flame at 100 atm.
The results are shown in Fig. 1. The chemical kinetics model reported by
Burke et al. [35] was used in the simulations. To discuss the effects of
real-fluid behaviors separately, the real-fluid EoS, thermodynamics,
chemical potential, thermal conductivities, and mass diffusions were
taken into account progressively. To be specific, Case 1 represents the
simulations using the ideal gas treatment completely as a comparison.
Cases 2-4 incorporate the corrections of the real-fluid EoS, thermody-
namics, and chemical potential progressively using the RK EoS. Cases
5-6 incorporate the corrections of the real-fluid thermal conductivities
and mass diffusions progressively using the EH/Takahashi model.
Correspondingly, the simulations were performed using the
Virial-Enskog model in Cases 7-11. Cases 7-9 consider the effects of the
real-fluid EoS, thermodynamics, and chemical potential progressively
using the Virial method. Cases 10-11 further incorporate the corrections
of the real-fluid thermal conductivities and mass diffusions progres-
sively using the Enskog model.

The laminar flame speed follows the scaling law:

Soxy/A/pc,

According to Fig. 1, the laminar flame speeds at different equivalence
ratios increase using the RK EoS compared with using the ideal EoS. This
is mainly caused by the change in mixture density. With the RK EoS, the
density of the mixture decreases because the compressibility factors of
hydrogen and nitrogen are over 1 [8]. However, the burning flux is
almost unaffected. Since the laminar flame speeds are the burning flux
divided by the density of the mixture, they increased using the RK EoS.
From Case 2 to Case 3, the corrections of the total enthalpy h and heat
capacity c,, the partial molar enthalpy hy and heat capacity c, based on

(14)

1.0
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(2)
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0.8 |-

0.7 |-
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the RK EoS were further included. The major effect of real-fluid ther-
modynamics comes from the increase of heat capacity, which results in a
decrease of system temperature in the simulations, hence the reactivity
of the system is inhibited and the laminar flame speeds decrease.

The heat capacity comparisons for hydrogen/air mixture using
different models are shown in Fig. 2. The real-fluid effects on heat ca-
pacity are important at 300 K to 1000K. The largest difference is up to 7
% at 300K. From Case 3 to Case 4, the correction of the real-fluid
chemical potential based on the RK EoS was further considered. With
this correction, species activity concentrations increase and then reac-
tion rates are accelerated, which corresponds to faster oxidation of
hydrogen in the real-fluid simulations. From Case 1 to Case 4, all the
real-fluid behaviors based on the RK EoS were incorporated. From Case
4 to Case 5, the EH model was used for the real-fluid thermal conduc-
tivity calculations. The laminar flame speeds increase dramatically in
Case 5. In the rigorous kinetics theory of dilute fluids, the thermal
conductivities are independent of the pressures. However, in real dense
fluids, the thermal conductivities increase with the increase of the
pressure. Moreover, the laminar flame speeds increase with the increase
of the thermal conductivities, therefore the laminar flame speeds in-
crease using the EH model. From Case 5 to Case 6, the correction of real-
fluid mass diffusions derived by Takahashi was used. The effects on the
flame speeds are relatively small. This is mainly because the effects of
real-fluid behaviors on the mass diffusions are small, which can cause

34
<z
Z
£
= 3|
2
g 31F —— Virial
S sl — RK
> —— Ideal
jan)

29 T T

500 1000 1500
T/K

Fig. 2. The heat capacity comparisons for hydrogen/air mixture at 100 atm by
using different models, p=1.

0.75
(b)
0.70 —
0.65 —
Casel-Ideal
Case7-Virial(EoS)
Case8-Virial(EoS+Therm)

Case9-Virial(All)
Casel10-Virial(All)+Enskog(Cond)
— Cagel 1-Virial(All)+Enskog({Cond+Diff)

1.2 1.4 1.6 1.8 2.0
Equivalence Ratio

0.60

Fig. 1. The laminar flame speed simulations of hydrogen/air at 100 atm by using (a) the RK-EH/Takahashi and (b) the Virial-Enskog model. The initial temperature

of the mixtures is T;=298K.
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within £10 % deviation.

For Case 7-11 in Fig. 1, the simulations were performed by using the
Virial-Enskog models. The effects of the real-fluid EoS, thermodynamics,
and chemical potential using the Virial method were considered in Case
7-9. The laminar flame speeds increase considering the total effects of
real-fluid behaviors based on the Virial method. The effects in Cases 7-9
using the Virial method are consistent with those using the RK method,
namely Cases 2-4. Case 10 further incorporates the corrections of the
real-fluid thermal conductivities using the Enskog model. Being
consistent with the discussion for Case 5, the laminar flame speeds in-
crease with the increase of the thermal conductivities in real dense
fluids. However, the increment is much less.

To account for the big difference in the increment simulated by using
the EH/Takahashi model and the Enskog model, the thermal conduc-
tivities of hydrogen, nitrogen, and oxygen computed by using both
models were compared with the NIST data [18] and shown in Fig. 3. It
can be observed that the thermal conductivities of hydrogen, nitrogen,
and oxygen computed by using the Enskog model shows good agreement
with the NIST data. However, the thermal conductivities computed by
using the EH model show a larger deviation, especially at higher tem-
peratures. This is the main reason that causes a dramatic increase in
laminar flame speeds simulated by using the EH model. As discussed
above, the principle of corresponding states was used to predict the
thermal conductivities of all pure substances and mixtures by referring
to the measured thermal conductivities of methane in the EH model. The
deviation in Case 5 shows obvious limitations and uncertainties of the
EH model. Moreover, the thermal conductivities of small molecules,

0.16 | (a)
)
5
= 0.12}
2
:
Z 0.08Ff
3
'g e NIST
8 Enskog
é” 0.04 = Ely-Hanley
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=
E
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such as Hy, No and O3 have not been calculated in the EH model, which
potentially creates large errors in predicting the laminar flame speeds.
Case 11 further incorporates the corrections of the real-fluid mass dif-
fusions using the Enskog model. Consistent with the discussion for Case
6, the effects on the flame speeds are relatively small because the effects
of real-fluid impacts on the mass diffusions are small.

The thermal diffusivities of hydrogen, nitrogen, and oxygen at 100
atm computed by using both models were compared with the NIST data
[18] and shown in Fig. 4. It can be also observed that the thermal dif-
fusivities of hydrogen, nitrogen, and oxygen computed by using the
Virial-Enskog model shows good agreement with the NIST data.

The simulations of the Hy/O5/H50 laminar flame at 100 atm at
different equivalence ratios are shown in Fig. 5 and the analyses of the
real-fluid effects based on these Hy/O2/H20 cases are shown in Fig. 6.
Different from fuel/air mixture, in Hy/O5/H>0 mixture, the molar ratio
of Oz and H»O is kept as 1:10 and the molar fraction of Hj increase with
the equivalence ratio increase. The laminar flame speeds are strongly
inhibited considering real-fluid effects using both models. The main
contribution is from the increase of real-fluid density and the increase of
real-fluid heat capacity using H»O as dilute gas. From Case 4 to Case 5,
considering the real-fluid thermal conductivities using the EH model,
the laminar flame speeds decrease, which is contrary to our above dis-
cussions that the laminar flame speeds should increase with the increase
of thermal conductivities considering real-fluid effects. This is because
the real-fluid thermal conductivities of HoO calculated using the EH
model are smaller than the ideal case. The comparisons of the thermal
conductivities of water computed by using different models are shown in

0.16 - (b)

0.12

0.08 |-

N,-Conductivity / (W/m*K)

—NIST
Enskog
0.04 = Ely-Hanley
4(|)0 8(|)0 12|00 16|00 2000
T/K
0.10
F(d)

2 0.09 +
*
£ 0.08
g
2 0.07f
2
g 0.06
| ——NIST
@) Enskog
:I* 0.05¢ = Fly-Hanle
5 y y

0.04 . .
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T/K

Fig. 3. The comparisons of the thermal conductivities of hydrogen, nitrogen, oxygen, and methane at 100 atm computed by using different models with the NIST

data [18].
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Fig. 5. The laminar flame speed simulations of H,/O5/H,0 at 100 atm by using (a) the RK-EH/Takahashi and (b) the Virial-Enskog model. T;=600K.

Fig. 7. It further indicates the weakness of the EH model in evaluating
the real-fluid thermal conductivities of small molecules. The overall
effects of real-fluid behaviors on the laminar flame speed simulations
can reach 35 % at 100 atm according to Fig. 5. The effects of real-fluid

thermal diffusivity 4/pc, shown in Fig. 6. are also significant. These all
reveal that accurate descriptions of real-fluid effects are crucial for flame
speed predictions, especially using dilute gas with strong real-fluid ef-
fects, such as H,O.
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3.2. Methane/air flames

The simulations of the methane laminar flame at 100 atm at different
equivalence ratios are shown in Fig. 8. GRI-Mech [36] was used in the
simulations. Different from Fig. 1, the laminar flame speeds decrease
using the RK or the Virial EoS rather than using the ideal EoS. To explain
this difference, the density of the mixture and the burning flux variation
with the equivalence ratios using the ideal and Virial EoS for hydrogen
and methane are shown in Fig. 9. The burning flux is almost unaffected
by the Virial EoS in both hydrogen/air and methane/air system. How-
ever, the density of the real-fluid mixture is lower than the ideal gas in
the hydrogen/air system, while it is larger in the methane/air system. It
explains the arguments above. Similar to Fig. 1, considering the
real-fluid thermodynamics, the reactivity of the system is inhibited and
the laminar flame speeds are decreased in Case 3 and Case 8. From Cases
3 and 8 to Cases 4 and 9, considering the correction of the real-fluid
chemical potential, species activity concentrations increase and corre-
spond to the faster oxidation of methane in the real-fluid simulations.
From Case 4 to Case 5, similar to Fig. 1, the laminar flame speeds in-
crease using the EH model. It is noted that the prediction performance of
the EH model is reasonably good for the methane/air flame simulations.
This is because the correction of methane thermal conductivities in the
EH model is directly from experimental measurement, resulting in a
much lower uncertainty than the hydrogen flame simulations by using
the EH model, where the thermal conductivities of hydrogen are from
the principle of corresponding states. The thermal conductivities of
methane computed by using both the EH and the Enskog models were
compared with the NIST data and shown in Fig. 3. It can be observed
that the thermal conductivities of methane computed by using both
models show a good agreement with the NIST data. The EH model seems
more accurate for thermal conductivity for methane as it is trained
mainly from the methane transport experimental data. However, ni-
trogen and oxygen are also major components in the CHs/air mixture.
Hence, the large deviation of the EH model for nitrogen and oxygen will
still cause large errors in predicting the laminar flame speeds. The
simulation results computed using the Takahashi real-fluid mass diffu-
sion model are not provided because of the convergence problem.
Consistent with the hydrogen/air system, in Cases 10 and 11, the
laminar flame speeds increase with the increase of the thermal con-
ductivities in real dense fluids. The effects of mass diffusion corrections

0.075 -
b Methane/Air 100 atm
(b)

0.070 <

0.065

0.060 — Casel—Id.ez.il
Case7-Virial(EoS)
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0.055 | - : Calsel 1-IViria}(All):—Enslfog(Clond-%—lDiff)

0.9 1.0 1.1 1.2 1.3 1.4
Equivalence Ratio

Fig. 8. The laminar flame speed simulations of methane/air at 100 atm by using (a) the RK-EH/Takahashi and (b) the Virial-Enskog model. T;=298K.
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Fig. 9. Density and burning flux of hydrogen/air and methane/air at 100 atm using the ideal and Virial EoS.
are relatively small and simulated by using the Enskog model. ideal EoS, due to the decrease of the density of the mixture in the

DME/air system in Case 2 and Case 7. For n-heptane, the laminar flame
speeds increase at lean-fuel conditions and decrease at rich-fuel condi-
tions using both real-fluid EoS compared with using the ideal EoS. The
reason is that the real-fluid densities of the n-heptane/air mixture
decrease at lean-fuel conditions and increase at rich-fuel conditions. The
effect trends are consistent with the simulation results in the meth-
ane/air system in other cases. The laminar flame speeds decrease
considering complete real-fluid corrections using both models.

3.3. DME/air and n-heptane/air flames

The simulations of the dimethyl ether (DME) laminar flame and the
n-heptane laminar flame at 100 atm at different equivalence ratios are
shown in Figs. 10 and 11. The Sandiego mechanisms for DME [37] and
n-heptane [38] were used in the simulations. For DME, the laminar
flame speeds decrease using both real-fluid EoS compared with using the
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Fig. 10. The laminar flame speed simulations of DME/air at 100 atm by using (a) the RK-EH/Takahashi and (b) the Virial-Enskog model. T;=298K.
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Fig. 11. The laminar flame speed simulations of n-heptane/air at 100 atm by using (a) the RK-EH/Takahashi and (b) the Virial-Enskog model. T;=298K.

Moreover, in our simulations using the Virial-Enskog model for all
fuels, we observe the increase of laminar flame speeds with including the
real-fluid conductivities, which is opposite with the trends observed by
Liang et al. [17] when adding thermal conductivity for Hp-air mixtures
using the EH transport model. The predicted conductivities of Hy and
other relevant species with pressure and temperature from Cantera
using the EH model are shown in Figs. S1 and S2, respectively. It shows
that the thermal conductivities of Ho and of other relevant species in-
crease with pressure computed by using the EH model. These results are
all consistent with our discussion as well as with the experimental re-
sults. The mixing rule and conformal mapping of the EH model were
modified for the rich hydrogen/air mixtures to avoid significant
over-predictions of the flame speeds in Liang et al.’s work, as such it
leads to an decrease of the real-fluid Hy conductivity in their
computation.

The real-fluid effects for the different fuels at different equivalence
ratio in air at 100 atm are shown in Table 1. The largest difference could
reach to 7.5 %.

The comparisons of the laminar flame speed simulations for
Hy— CO—O,—He mixtures with the experimental data at 40 atm [39] are
shown in Fig. 12. The GRI-MECH 3.0 [40] is used for simulations. The
Virial-Enskog model predicts the smaller flame speeds than the ideal gas
model. However, both the ideal-gas and the Virial-Enskog models could
not capture the experimental data well. This indicates that the
GRI-MECH may not be a very accurate mechanism to study flame speed

Table 1

The real-fluid effects for the different fuels at different equivalence ratio in air at
100 atm. The value is the ratio of the flame speed calculated by using the Virial-
Enskog model with using the ideal-gas model.

Equivalence 0.7 0.9 1 1.2 1.5 1.75 2
ratio
Hy - - 100.5 - 102.0 102. 103.
% % 8 % 2%
CH,4 - 96.1 96. 4 96. - - -
% % 3%
DME - - 95.5 95. 95.3 95.3 95.1
% 2% % % %
Heptane 107.5 99. 2 98. - 96.4 96. 4 -
% % 0% % %
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Fig. 12. The comparisons of the laminar flame speed simulations for the CO/
H,/He/O, flame with experimental data. The initial temperature and pressure
are 298 K and 40 atm. The mixture composition is defined through
0.95CO+0.05H,+(1/¢)(0.50,+3.5He) for CO/H,/0,/He.

in high-pressure CO—Hpy mixtures. Moreover, the real-fluid effect on
kinetics is significant for future investigation.

The comparisons of the laminar flame speed simulations for the
DME/O3/Ny/He/CO5 flame as a function of pressures with experimental
data [41] are shown in Fig. 13. The initial temperature and the equiv-
alence ratio are 295 K and 0.8. The Sandiego mechanism for DME [37]
with 63 species and 284 reactions has been reduced to 24 species and 88
reactions to decrease real-fluid computational cost. The simulations
with and without CO; dilution considering real-fluid behaviors by using
the Virial-Enskog model were performed by using the reduced Sandiego
mechanism. Both the Sandiego mechanism and the reduced Sandiego
mechanism overestimate the laminar flame speeds. The laminar flame
speeds decrease and the results are closer to experimental data consid-
ering real-fluid behaviors by using the Virial-Enskog model with and
without CO, dilution, especially at higher pressures. The difference
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could reach 8 % even at only 20 atm.

The comparisons of the laminar flame speed simulations for the n-
heptane/air flame as a function of equivalence ratios with experimental
data [42] are shown in Fig. 14. The initial pressure and temperature are
25 atm and 373 K. The Sandiego mechanism for n-heptane [38] with 63
species and 284 reactions has been reduced to 24 species and 88 re-
actions to decrease real-fluid computational cost. The simulations
considering real-fluid behaviors by using the Virial-Enskog model were
performed using the reduced Sandiego mechanism. The laminar flame
speeds increase considering real-fluid behaviors and the difference could
reach 6 % at only 25 atm. It is noticed that the Virial-Enskog model
predicts the smaller flame velocities than the ideal gas EoS model at
rich-fuel conditions in Fig. 9 but the higher values at lean-fuel conditions
in Fig. 11 for heptane. That is due to a higher contribution of real-fluid
thermal conductivities at lean-fuel conditions in Fig. 9.

Therefore, the real-fluid effects are significant on the laminar flame
propagations in supercritical mixtures according to our simulations. The
Virial-Enskog model can provide a better description of the effects of
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Fig. 14. The comparisons of the laminar flame speed simulations for the n-
heptane/air flame with experimental data [42]. The initial pressure and tem-
perature are 25 atm and 373 K.
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real-fluid behaviors based on its accurate prediction of real-fluid EoS,
thermodynamics, chemical potential, thermal conductivities, and mass
diffusions. More high-pressure laminar flame speed experiments will be
helpful to the further validation of the Virial-Enskog model. The pre-
dictions of laminar flame speed for other fuels are also highly dependent
on their kinetic mechanisms. The real-fluid effect on kinetics is also very
important and complicated, which needs considerations of multi-body
collisions and non-negligible intermolecular force. It will be one of our
future work.

The computational cost mainly relies on the real-fluid model and the
size of mechanism, and it varies with the difficulties of convergence. The
computational cost for the Virial-Enskog model is about a factor of 5
higher than the RK-EH/Takahashi model for hydrogen, about a factor of
10 higher for methane, about a factor of 20 higher for DME and heptane
which mainly from the calculation cost of the Virial EoS. Even though
the computational cost is larger now, the machine learning method will
be incorporated to reduce the circulation in codes by about a factor of
2-5 in our future work.

4. Conclusion

In this work, both the EH/Takahashi model and the Enskog model
were developed to account for the real-fluid effects on transport prop-
erties under supercritical conditions. The calculations of real-fluid
transport properties have been coupled with the calculations of the
real-fluid EoS, thermodynamics properties, and chemical potentials to
realize the real-fluid laminar flame simulations under supercritical
conditions.

The real-fluid effects on compressibility factors, thermodynamic
properties, chemical potentials, and transport properties for the laminar
flame simulations in the supercritical hydrogen/air, Hy/O2/H>0,
methane/air, DME/air, n-heptane/air mixtures have been discussed
respectively. The contribution and the source of uncertainties by
different real-fluid properties are also comprehensively discussed. The
overall effects of real-fluid behaviors on the laminar flame speed simu-
lations in HyO can reach 35 % at 100 atm, which reveal that accurate
descriptions of real-fluid effects are crucial for flame speed predictions,
especially using dilute gas with a high polarization, such as HyO. The
RK-EH/Takahashi model shows severe over-predictions of the hydrogen
laminar flame speeds, due to the significant weakness in predictions of
thermal conductivities of mixtures by comparing with the NIST data,
while the present Virial-Enskog model exhibits more reasonable pre-
dictability. The effects of the real-fluid mass diffusions are relatively
small because only within +£10 % deviation of mass diffusions are
caused by real-fluid behaviors.

The laminar flame speed results for DME and n-heptane flame
simulated by using the real-fluid models were also compared with the
experimental data in the literature. The laminar flame speeds for the
DME/O5/N5/He/CO5 flame decrease and the results are closer to
experimental data considering real-fluid behaviors by using the Virial-
Enskog model, especially at higher pressures. It shows a crucial real-
fluid effect on the simulations of DME and n-heptane flame speeds, up
to 8 % discrepancy from the ideal-gas flame speed prediction, even at
20-25 atm. Overall, the Virial-Enskog model provides better estimations
of the real-fluid behaviors than the empirical RK-EH/Takahashi model,
especially at high pressures.
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