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a b s t r a c t 

The Virial equation of state (EoS) was employed to describe the real-fluid impact on H 2 oxidation simu- 

lation. Different from conventional empirical EoS methods fitted by using critical pressures and tempera- 

tures, such as Redlich-Kwong (RK) EoS, the Virial method was constructed with including intermolecular 

interactions, potentials, and molecular polarizations coupled with real-fluid partition function theory in 

this work. The Virial method was for the first time incorporated into Cantera software to realize real-fluid 

simulations with deeper-level physical insights. A series adiabatic/isothermal flow reactor and ignition 

delay simulations in H 2 O, N 2 , and CO 2 diluents were performed. The calculations of species compressibil- 

ity factors and thermodynamic properties by using the Virial method showed a better agreement with 

experimental data in literature than using the RK method. The Virial method also possessed a better 

performance in predicting experimental H 2 ignition delay times and H 2 speciation profiles from litera- 

tures. The effects of real fluid through corrections of compressibility factors, thermodynamic properties, 

and chemical potentials on supercritical H 2 oxidation simulations in H 2 O diluents have been rigorously 

analyzed, respectively. Moreover, the Virial method performed well at adiabatic conditions in the bath 

gas of polar molecules like H 2 O, due to its consideration of molecular polarizations and higher accuracy 

of thermodynamic property calculations. We believed the Virial method could not only provide accurate 

estimations of real-fluid behavior, but also provided physical insights in the intermolecular interactions 

under supercritical conditions. 

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

In advanced engines and gas turbines, supercritical combustion 

10 0–30 0 atm) has great potential due to its high combustion effi- 

iency, ultra-lean fuel flammability, and low emissions [1–6] . How- 

ver, under supercritical conditions, the intermolecular attraction 

annot be ignored, while new physical mechanisms might be im- 

ortant in thermodynamics, transport, and reaction kinetics [7] . 

herefore, theoretical investigations of real-fluid impact on super- 

ritical combustion are highly needed to predict behavior of fluids 

n computational fluid dynamics and combustion modeling [8 , 9] . 

specially, the construction and utilization of the real-fluid equa- 

ion of state (EoS) is crucial for the theory development. 

Scott and van Konynenburg [10] proposed the famous van der 

aals semi-quantitative EoS for describing the real-fluid behavior: 
∗ Corresponding authors. 
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p + 

a 

˜ V 

2 

)(
˜ V − b 

)
= RT (1) 

here ˜ V . is volume per mole, the constant a is a measure of in- 

ermolecular interaction and constant b represents the volume of 

olecules. Subsequently, Pitzer and Curl [11 , 12] , MacDougall [13] , 

eattie and Bridgeman [14] , and Benedict et al. [15] reported a se- 

ies of empirical EoS. Thmost widely used empirical EoS is Redlich- 

wong (RK) EoS and its modified forms, Soave-Redlich-Kwong 

SRK) [16] and Peng-Robinson (PR) [17] EoSs. Subsequently, Ko- 

ekar et al. [18] simulated real-fluid oxidation of n-dodecane/O 2 /N 2 

ixtures using the RK method in Cantera program [19] . They also 

rovided the calculation method of RK, thermodynamic properties, 

nd chemical potentials in the code. Liang et al. [4] compared real- 

uid effects in laminar flame simulations of supercritical hydro- 

en/air and methane/air mixtures using Van der Waals EoS, RK 

oS and SRK EoS, respectively, in Chemkin II program. However, 

hey did not consider the real-fluid effects involving chemical po- 

entials. Li et al. [20] incorporated real-fluid behaviors into hy- 

rogen oxidation simulations in supercritical H /H O/CO mixtures 
2 2 2 

. 

al studies of real-fluid oxidation of hydrogen under supercritical 

, https://doi.org/10.1016/j.combustflame.2021.111945 

https://doi.org/10.1016/j.combustflame.2021.111945
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
mailto:h.zhao@pku.edu.cn
mailto:cwzhou@buaa.edu.cn
https://doi.org/10.1016/j.combustflame.2021.111945
https://doi.org/10.1016/j.combustflame.2021.111945


J. Bai, P. Zhang, C.-W. Zhou et al. Combustion and Flame xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: CNF [m5G; December 30, 2021;0:18 ] 

u

t

t

a

s

h

m

t

fl

[

t

V

e

V

S

t  

e

b

e

b

t

r

p

E

t

a

o

c

v

a

R

n

2

w

m

t

v

t

i

 

t

e

T

p

t

N

m

Z

i

H

h

v

t

 

 

i

W

r

t

t

J

ϕ

h

l

σ
V

b

t

c

t

i

T

c  

a

b

B

B

B

b

S

c

ϕ

sing PR EoS. Unfortunately, the empirical EoS methods in litera- 

ures are constructed based on limited high pressure experimen- 

al data, while lack of physical insights in molecular interactions 

nd intermolecular potentials. As such, the real-fluid effect on sub- 

tance property, thermodynamic property, and chemical potentials 

as not been well explained in theory. Moreover, empirical EoS 

ethods may be inaccurate or even fail beyond the training condi- 

ions around the critical pressure and temperature of substance. 

Therefore, in theory, Virial EoS was proposed to describe real- 

uid effects by introducing Virial coefficients. Hirschfelder et al. 

21] developed the Virial EoS by using the real-fluid partition func- 

ion theory in statistical mechanics and reported the method of 

irial coefficients calculation (Noted as the Virial method). Bird 

t al. [22] and Rowlinson [23] provided the dimensionless table of 

irial coefficients for the Lennard-Jones (6–12) potential [24] and 

tockmayer potential [25] , respectively. Kallmann [26] calculated 

he real-fluid thermodynamic properties of H 2 , O 2 , N 2 , H 2 O, CO 2 ,

tc. by using the Virial method. However, the non-linear behavior 

etween the real-fluid corrections and pressures was not consid- 

red. Although the Virial EoS has been widely studied, it has not 

een applied in the real-fluid simulations with consistent compu- 

ations of properties of substance, thermodynamics, transport, and 

eaction rates. 

In this work, the Virial EoS method coupled with the real-gas 

artition function has been consistently used to describe real-fluid 

oS, thermodynamic properties, and chemical potential calcula- 

ions. The method is incorporated into Cantera software [19] to re- 

lize real-fluid simulations for the first time. The real-fluid impact 

n substance properties, thermodynamic properties, and chemi- 

al potentials has been respectively evaluated. This work also pro- 

ides the comparisons between experimental data in literatures 

nd simulation results employing the Virial method and empirical 

K method. The virial method in this work will be incorporated in 

ew version of Cantera program. 

. Methods 

For ideal gases (IG), the EoS is simple as: 

p ̃  V = RT (2) 

here p and T are pressure and temperature, ˜ V is volume per 

ole, R is the ideal gas constant. However, for real fluids, in- 

ermolecular force, intermolecular potential energy, and molecular 

olume are not negligible. Virial EoS [21] has been found useful 

o combine the ideal behaviors and corrections of real-fluid behav- 

ors: 

p ̃  V 

RT 
= 1 + 

B ( T ) 

˜ V 

+ 

C ( T ) 

˜ V 

2 
+ 

D ( T ) 

˜ V 

3 
+ · · · (3) 

The coefficients B (T ) , C(T ) , and D (T ) are called the second,

hird, and fourth Virial coefficients, respectively. These Virial co- 

fficients represent corrections of real-fluid behaviors in the EoS. 

he expressions of Virial coefficients can be derived from real-fluid 

artition function calculations for different intermolecular poten- 

ial models. 

The EoS can be obtained from the partition function as: 

p = 

RT 

˜ N 

(
∂ ln Z N 

∂V 

)
T 

(4) 

˜ 
 is Avogadro constant. The partition function for a system of N 

olecules in classical statistics is given by: 

 N = 

1 

N! h 

3 N 

∫ ∫ e 
−

H ( r N , p N ) ˜ N 

RT 

d r N d p 

N (5) 
2 
n which the Hamiltonian H( r N , p 

N ) is given by: 

 

(
r N , p 

N 
)

= 

N ∑ 

i =1 

p i 
2 

2 m 

+ �
(
r N 

)
(6) 

 is Planck constant, r N and p 

N are position vector and momentum 

ector of molecules, m is molecular weight, �( r N ) presents the in- 

ermolecular potential. Then we can obtain the EoS: 

pV = 

1 

N! h 3 N Z N 

∫ ∫ e 
−H ( r N , p N ) /kT 

×
[ 

2 

3 

N ∑ 

i =1 

p i 
2 

2 m 

− 1 

3 

N ∑ 

i =1 

(
r i 

∂ 

∂ r i 
�

(
r N 

))]

× d r N d p 

N 

= NRT / ̃  N − 1 

3 ( N − 1 ) ! λ3 N Z N 
∫ W N 

(
r N 

)(
r i 

∂ 

∂ r i 
�

(
r N 

))
d r N (7)

n which λ2 = h 2 / 2 πmkT , W N ( r 
N ) is the Boltzmann factor: 

 N 

(
r N 

)
= e −�( r N ) ̃ N /RT (8) 

In the second form of Eq. (7) , the result shows explicitly the 

ole of the intermolecular potential. Comparing Eqs. (3) and (7) , 

he Virial coefficients can be computed from the real-fluid parti- 

ion function based on different potential models. The Lennard- 

ones (6–12) potential model [24] : 

 ( r ) = 4 ε

[(
σ

r 

)12 

−
(
σ

r 

)6 
]

(9) 

as been widely employed for modeling the intermolecular col- 

ision of nonpolar molecules in gaseous and liquid states. ε and 

are force constants for the Lennard-Jones (6–12) potential. The 

irial coefficients for nonpolar molecules in this work are obtained 

ased on the Lennard-Jones (6–12) potential model. 

The calculations of these Virial coefficients involve complex in- 

egrations. Bird et al. [22] calculated dimensionless Virial coeffi- 

ients and their derivatives at different dimensionless tempera- 

ures as functions of ε and σ . The dimensionless temperature T ∗

s defined as: 

 

∗ = 

RT 

˜ N ε
(10) 

The second Virial coefficient B (T ) , dimensionless second Virial 

oefficient B 	 ( T ∗) and its derivations B 	 
1 
( T ∗) and B 	 

2 
( T ∗) are defined

s: 

 0 = 

2 

3 

π ˜ N σ 3 (11) 

 ( T ) = b 0 B 

	 ( T ∗) (12) 

 

	 
1 ( T 

∗) = T ∗
(

d B 

	 

d T ∗

)
(13) 

 

	 
2 ( T 

∗) = T ∗2 

(
d 2 B 

	 

d T ∗2 

)
(14) 

 0 is the volume of molecules. 

For polar molecules, such as H 2 O, CH 3 OH and CH 3 CHO, the 

tockmayer potential model [25] has been widely used for Virial 

oefficients calculations: 

 ( r, θ1 , θ2 , φ2 − φ1 ) = 4 ε

[(
σ

r 

)12 

−
(
σ

r 

)6 
]

−μ2 

3 
g ( θ1 , θ2 , φ2 − φ1 ) (15) 
r 



J. Bai, P. Zhang, C.-W. Zhou et al. Combustion and Flame xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: CNF [m5G; December 30, 2021;0:18 ] 

t

c

B

p

m

S

s

d

m

f

t

w

t

μ

α

γ

w  

i

e

γ

q

w

s

s

t

fl

C

c

μ

w

n

μ

t

l

i

B

V

f

m

σ

ε

σ

ε

μ

m

σ

ε

ξ

w

r

fl

a

C

u

f

i

t

w

v

p

d

c

i

R

[  

c

fl

t

i

i

The correction term 

μ2 

r 3 
g( θ1 , θ2 , φ2 − φ1 ) is used to describe 

he mutual orientation of two polar molecules. The second Virial 

oefficient for the Stockmayer potential can be described as: 

 ( T ) = b 0 B 

	 ( T ∗; μ∗) (16) 

It is noted that the dimensionless second Virial coefficient de- 

ends not only on dimensionless temperature T ∗ but also on di- 

ensionless dipole moment μ∗ = μ/ 
√ 

εσ 3 for polar molecules. 

imilar to nonpolar molecules, Rowlinson [23] calculated dimen- 

ionless Virial coefficients and their dimensionless derivatives at 

ifferent dimensionless temperatures and dimensionless dipole 

oments for the Stockmayer potential model. 

The corrections of the real-fluid thermodynamics functions 

rom ideal values ( ̃  H − ˜ H 

0 , ˜ S − ˜ S 0 , ˜ C p − ˜ C 0 p ) can be calculated in 

erms of Virial coefficients [21] : 

˜ H − ˜ H 

0 

RT 
= T ∗

{
B 

	 − B 

	 
1 

V 

	 
+ 

C 	 − 1 
2 
C 	 1 

( V 

	 ) 
2 

+ · · ·
}

(17) 

˜ S − ˜ S 0 

R 

= −
{

B 

	 
1 

V 

	 
+ 

( B 

	 ) 
2 − C 	 + C 	 1 

2 ( V 

	 ) 
2 

+ · · ·
}

(18) 

˜ C p − ˜ C 0 p 

R 

= − B 

	 
2 

V 

	 
+ 

( B 

	 − B 

	 
1 ) 

2 − C 	 + C 	 1 + 

1 
2 
C 	 2 

( V 

	 ) 
2 

+ · · · (19) 

here V 	 = 

˜ V / b 0 is dimensionless volume. 

The real-fluid behavior also has an impact on chemical poten- 

ials. Species activity is defined as a function of chemical potential 

i for real fluids and μ0 
i 

for ideal fluids [18] : 

i = exp 

(
μi − μ0 

i 

RT 

)
(20) 

Activity coefficients γi is defined as: 

i = 

αi 

[ X i ] / 
[
X 

0 
i 

] = αi 

p X i /RT 

p X i /ZRT 
= Z αi 

here X i is molecular number of species i , [ X 0 
i 

] and [ X i ] are the

deal- and real-fluid molar concentration, respectively. Z and γi are 

qual to 1 for ideal fluids. Therefore, γi can be derived as: 

i = Z exp 

(
μi − μ0 

i 

RT 

)
(21) 

The rate of progress can be written as: 

˙ 
 = k f 

∏ 

C 
ν ′ 

i 

ac,i 
− k r 

∏ 

C ac,i 
ν ′′ 

i (22) 

here k f and ν′ 
i 

are forward rate constants and stoichiometric con- 

tants of species i , while k r and ν′′ 
i 

are reverse rate constants and 

toichiometric constants of species i . C ac,i is the activity concen- 

ration of species i , which is functional with the correction of real- 

uid chemical potential [18] : 

 ac,i = γi [ X i ] = 

p X i 

RT 
exp 

(
μi − μ0 

i 

RT 

)
(23) 

The corrections of chemical potential μi − μ0 
i 

is relative to the 

orrection of total Gibbs function: 

i − μ0 
i = 

( 

∂ 
(
n T G − n T G 

0 
)

∂ n i 

) 

T,V, n j � = i 

(24) 

here n T is the total number of molecules. According to the defi- 

ition of Gibbs function ( G = H − T S), μi − μ0 
i 

is computed as: 

i − μ0 
i = RT 

B mix 

˜ V 

+ 2 RT 
1 

˜ V 

( ∑ 

j 

B i j X j − B mix 

) 

(25) 
3 
And then, C ac,i can be computed through Eqs. (23) and (25) . 

To describe real-fluid behaviors in fluid mixtures, a series of 

heoretical mixing rules [21] are applied for Virial coefficient calcu- 

ations in this work. The second Virial coefficient B mix in mixtures 

s obtained as: 

 mix = 

∑ 

i 

∑ 

j 

X i X j B i j (26) 

Where X i is mole fraction of i th species. The interactive second 

irial coefficient B i j is computed using corresponding interactive 

orce constants σi j and εi j . For interactions between two non-polar 

olecules, species 1 and 2: 

12 = 

1 

2 

( σ1 + σ2 ) (27) 

12 = 

√ 

ε1 ε2 (28) 

For interactions between two polar molecules, species 1 and 2: 

12 = 

1 

2 

( σ1 + σ2 ) (29) 

12 = 

√ 

ε1 ε2 (30) 

∗ = 

√ 

μ1 μ2 √ 

ε12 σ12 
3 

(31) 

For interactions between a polar (p) and a non-polar (n) 

olecules: 

np = 

1 

2 

( σn + σp ) ξ
−1 

/ 6 (32) 

np = 

√ 

εn εp ξ
2 (33) 

= 

[
1 + 

1 

4 

αn μ∗
p 

2 

σn 
3 

√ 

εp 

εn 

]
(34) 

here αn is the polarizability of the non-polar molecule. The cor- 

ections of volume, thermodynamics, and chemical potentials for 

uid mixtures follow the same procedure of pure substance with 

pplying the interactive virial coefficients and their derivatives. 

All the equations above have been incorporated into Cantera 

ode [19] and packed as the Virial method to realize real-fluid sim- 

lations in this work. Flow reactor and ignition delay simulations 

or H 2 oxidation are performed by using 0-D homogenous module 

n Cantera. The Stanford hydrogen mechanism [27] is adopted in 

his work. 

The RK EoS method is employed for comparison: 

p = 

RT 

˜ V − b 
− a 

˜ V 

√ 

T 
(

˜ V + b 
) (35) 

here a and b are parameters to describe intermolecular force and 

olume of molecules, respectively. These two parameters are com- 

uted by fitting critical temperatures, critical pressures, and their 

erivatives. The corrections of EoS, thermodynamic properties, and 

hemical potentials based on the RK method has been introduced 

n Cantera simulations by Kogekar et al. [18] . 

The Virial EoS method has several advantages comparing with 

K EoS [12] and other similar empirical EoSs, such as SRK EoS 

16] and PR EoS [17] . First, the Virial EoS is constructed with in-

luding intermolecular interactions and potentials by using real- 

uid partition function theory in statistical mechanics. Therefore, 

he Virial coefficients in Virial EoS include deeper-level physical 

nsights in real fluids compared to empirical parameters a and b 

n RK method. Second, Virial coefficients are functions of a broad 
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Fig. 1. The compressibility factors computed employing Virial EoS and RK EoS with 

comparison to experimental data of pure N 2 [29] , H 2 [29] , CO 2 [30] , H 2 O [31] , O 2 
[32] and mixture of N 2 and H 2 [29] . 
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Fig. 2. The compressibility factors computed employing Virial EoS with comparison 

to experimental data of pure H 2 O [31] , parameters ε and σ are adjusted ± 10% from 

ε = 265 . 8 c m 

−1 and σ = 2 . 648 å [26] for test. 
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ange of temperatures, while parameters a and b are fitted by us- 

ng critical temperatures and critical pressures. It implies that the 

K method may only be valid in the vicinity of critical tempera- 

ures and pressures, while the Virial method could keep accuracy 

n broader conditions. Third, from the physics of the Virial EoS, we 

ould take more physical properties into consideration. For exam- 

le, the polarizability of molecules was considered for the Virial 

oefficient calculations. Therefore, our corrections of EoS, thermo- 

ynamic properties, and chemical potentials could be more accu- 

ate. For example, the enthalpy and heat capacity of pure H 2 O cal- 

ulated using the Virial method at 100 atm are much closer to the 

ata in JANAF table [28] than the RK method. 

. Result and discussion 

.1. Compressibility factor comparison 

The compressibility factors computed by employing the Virial 

nd RK methods are compared with experimental data in litera- 

ures [29 –32] and are shown in Fig. 1 . It shows that the compress-

bility factors calculated using Virial EoS possess good agreements 

ith experimental data below 300 atm, especially for major dilute 

ases (N 2 , CO 2 and H 2 O). The good performance of compressibil- 

ty factor calculations by using the RK method is because the EoS 

n the RK method is directly fitted based on critical temperatures 

nd pressures, which corresponds to the compressibility factor cal- 

ulations algebraically. Additionally, at higher pressures (above 300 

tm), the Boltzmann assumption for diluted gas does not hold and 

he L-J potential is not accurate enough to describe intermolecular 

nteractions. Therefore, the existing Virial method does not show 

rivileges above 300 atm. With including non-Boltzmann distri- 

utions in the real-fluid partition function computation and more 

ccurate intermolecular potential models, we believe the Virial 

ethod will still be more accurate than empirical methods above 

00 atm. The development of the non-Boltzmann Virial method is 

ur future work. The sensitivity test of parameters ε and σ on the 

ompressibility factor of H 2 O is shown in Fig. 2 . The sensitivity 

est shows that the L-J potential parameters become more sensi- 

ive to the compressibility factor calculation with increasing pres- 

ures, which corresponds with the increasing real-fluid effect at 

igher pressures. Therefore, more accurate potential models should 

e employed at higher pressures and the non-Boltzmann interac- 

ions should also be considered. However, as the boundary condi- 
4 
ion has been fixed by applying critical pressures and temperatures 

n the RK method, no further physical consideration or adjustment 

an be added for improving real-fluid simulation at higher pres- 

ures. The L-J parameters used in this study are consistent with 

iterature data [21 , 26] . 

.2. Comparison for thermodynamic properties corrections 

The calculation results of corrections of enthalpy (H), heat ca- 

acity (C p ), and entropy (S) at 1 atm for pure N 2 and H 2 O and the

omparison with U.S. Department of Energy RAND project [26] are 

hown in Table. S1 and S2 of Supplementary Document. The com- 

utation in the RAND project uses a similar Virial method. Our re- 

ult show excellent agreements with the thermodynamic data in 

he RAND project. 

Corrections of thermodynamic properties, such as enthalpy (H), 

eat capacity (C p ), and entropy (S), for pure H 2 O at 100 atm are

alculated using the Virial and the RK methods and are compared 

ith the JANAF data [28] in Fig. 3 . The JANAF data is obtained

rom the U.S. National Bureau of Standards (NBS) / National Re- 

earch Council of Canada (NCR) steam tables developed by Harr 

t al. [33] . The data in NBS/NCR steam tables is obtained from the 

elmholtz functions for H2O provided by Harr et al. The Helmholtz 

unctions consist of 40 parameters and are fitted from plenty of 

xperimental thermodynamic properties. Therefore, the thermody- 

amics data for H 2 O in JANAF table is very reliable. In Fig. 3 , the

eal-fluid corrections of enthalpy and heat capacity using the Virial 

ethod show better agreements with the JANAF data than using 

he RK method. And for entropy, the real-fluid correction of en- 

ropy using the RK method is not accessible because the RK code 

n Cantera does not involve the computation of entropy correction. 

owever, we can still observe that the difference between the en- 

ropy corrections in the Virial method and in the JANAF table is 

nsignificant. Compared with the ideal thermodynamic properties 

f H 2 O ( H = −219.7 kJ/mol, C p = 40.2 J/mol/K, S = 228.4 J/mol/K

t 900 K [34] ), the real-fluid effect on heat capacity is significant 

t high pressures, which is about 10–20% larger than the ideal-gas 

alue between 800 and 10 0 0 K at 100 atm. Since heat capacity is

rucial for temperature change in reactive systems, 10–20% devia- 

ion of heat capacity can cause considerable change of temperature 

nd system reactivity in simulations, especially using H 2 O and CO 2 

s bath gases. Additionally, due to underestimation of real-fluid ef- 

ects on heat capacity in the RK method, deeper weakness may 

ppear in its adiabatic simulations. 
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Fig. 3. Real-fluid corrections of thermodynamic properties enthalpy (H), heat capacity (C p ), and entropy (S) for pure H 2 O at 100 atm calculated using the Virial and the RK 

methods and comparison with JANAF data [28] . 

Fig. 4. Mole fraction of H 2 verse temperature at 300 atm in the adiabatic flow re- 

actor simulation by using Virial-TEST1, RK-TEST1, and ideal-gas EoS. TEST1:real-fluid 

EoS only. H 2 :O 2 :H 2 O = 2.9:4.24:92.86. Residence time = 295 K ∗ 0.6 s / T. 
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Fig. 5. Mole fraction of H 2 verse temperature at 300 atm in the adiabatic flow 

reactor simulation by using Virial-TEST2, RK-TEST2, and ideal-gas EoS. TEST2:real- 

fluid thermodynamic properties only. H 2 :O 2 :H 2 O = 2.9:4.24:92.86. Residence 

time = 295 K ∗ 0.6 s / T. 
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.3. Simulation results of hydrogen oxidation 

In order to investigate the effects of real-fluid EoS, real-fluid 

hermodynamic properties, and real-fluid chemical potentials on 

imulation separately, the Virial method is modified to three test 

odes, TEST1, TEST2, and TEST3. The three trials of H 2 oxidation 

re performed in the adiabatic flow reactor simulation using H 2 O 

s bath gas at 300 atm, and are shown in Fig. 4 and Fig. 6 , re-

pectively. In Fig. 4 , TEST1 only considers the influence of real-fluid 

oS in simulations. In another word, we only change the calcula- 

ion formula of molar volume by introducing compressibility factor, 

hile employ the ideal-gas thermodynamic properties and chemi- 

al potentials. It is seen that real-fluid EoS promote the oxidation 

f hydrogen in the bath gas of H 2 O because of the increase of den-

ity than the ideal-gas case. The predictions using Virial EoS and 

K EoS are similar. However, real-fluid EoS inhibit the oxidation of 

ydrogen if the compressibility factor of bath gas is greater than 1 

ccording to our tests, such as nitrogen, since real-fluid density be- 

omes smaller. Mole fractions of H 2 verse temperature in N 2 dilu- 

nt at 300 atm in the adiabatic flow reactor simulation by using 
5 
irial-TEST1, RK-TEST1, and ideal-gas EoS are shown in Fig. S1 of 

upplementary Document. 

In TEST2, we only consider the influence of real-fluid thermo- 

ynamic properties by introducing corrections of thermodynam- 

cs data while employing ideal-gas EoS and ideal-chemical po- 

ential computations. Based on our discussion in Fig. 3 , the ma- 

or impact of real-fluid thermodynamics comes from the increase 

f heat capacity, which results in a decrease of system temper- 

ture in the adiabatic simulation, so as to inhibit H 2 oxidation. 

he simulation using both Virial and RK method in Fig. 5 con- 

rms the analysis above. The inhibition effect becomes more sig- 

ificant with faster hydrogen consumptions. The inhibition effects 

sing the Virial method is stronger than using the RK method due 

o a larger corrective value of heat capacity in the Virial method. 

s is verified that the real-fluid heat capacity of H 2 O is much more 

ccurate using the Virial method in Fig. 3 , the real-fluid modeling 

sing the Virial method are more reliable, especially in adiabatic 

imulations. The influence of real-fluid heat capacity is similar in 

est of other bath gases. 
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Fig. 6. Mole fraction of H 2 verse temperature at 300 atm in the adiabatic flow reac- 

tor simulation by using Virial EoS-TEST3, RK-TEST3, and ideal-gas EoS. TEST3: chem- 

ical potentials only. H 2 :O 2 :H 2 O = 2.9:4.24:92.86. Residence time = 295 K ∗ 0.6 s / T. 

Fig. 7. Mole fraction of H 2 verse temperature at 300 atm in the adiabatic flow re- 

actor simulation by using Virial, RK, and ideal-gas EoS. H 2 :O 2 :H 2 O = 2.9:4.24:92.86. 

Residence time = 295 K ∗ 0.6 s / T. 
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Fig. 8. Mole fraction of H 2 verse temperature at 300 atm in the adiabatic flow re- 

actor simulation by using Virial, RK, and ideal-gas EoS. H 2 :O 2 :H 2 O = 2.9:4.24:92.86. 

Residence time = 295 K ∗ 0.6 s / T. 

Fig. 9. Mole fraction of H 2 verse temperature at 300 atm in the adiabatic flow re- 

actor simulation by using Virial, RK, and ideal-gas EoS. H 2 :O 2 :H 2 O = 2.9:4.24:92.86. 

Residence time = 295 K ∗ 0.6 s / T. 
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In TEST3, we only consider the influence of real-fluid chemi- 

al potentials in the Virial code. This correction increases species 

ctivity concentration s and then extensively accelerates reaction 

ates, which corresponds to the faster oxidation of hydrogen in the 

eal-fluid simulation in Fig. 6 . The predictions using the Virial and 

he RK method are similar. The influence of chemical potential is 

imilar in test of other bath gases. 

Combining these three parts of real-fluid effects, the complete 

diabatic simulation of H 2 oxidation using H 2 O as bath gas at 300 

tm is plotted in Fig. 7 . The simulation results show distinct differ- 

nce between the Virial and RK methods. According to discussions 

bove, the predictions using the Virial and RK methods are similar 

n TEST1. Hence, the prediction difference is mainly caused by real- 

uid corrections of heat capacity and chemical potential of H 2 O. 

The speciation simulations for H 2 oxidation at 300 atm in adi- 

batic conditions using nitrogen and carbon dioxide as bath gases 

re respectively shown in Figs. 8 and 9 . It is seen that real-fluid be-

aviors overall promote the consumption of hydrogen in bath gases 

f both nitrogen and carbon dioxide. This is because the correc- 

ions of heat capacity in bath gases of nitrogen and carbon dioxide 

re insignificant. The effects of real-fluid EoS and chemical poten- 

ials are dominant and promote the consumption of hydrogen. The 
6 
esults calculated using the Virial and RK methods show good con- 

istent for both two dilute gases. 

The speciation simulations for H 2 oxidation at 300 atm un- 

er isothermal conditions using H 2 O as bath gases are shown 

n Fig. 10 . Since there are no temperature changes in isothermal 

onditions, the effects of real-fluid heat capacity are eliminated. 

ence, the predictions show faster consumption of hydrogen with 

ffects of real-fluid EoS and chemical potentials. The results cal- 

ulated using the Virial and RK methods show insignificant differ- 

nce. 

The ignition delay time simulations for H 2 oxidation at 300 

tm in H 2 O are shown in Fig. 11 . The ignition delay times are de-

ned by the time at the maximum of the pressure gradient. Mod- 

ling using both real-fluid methods could reduce the ignition delay 

ime up to 20% at 1150 K. The ignition delay time using the Virial 

ethod is longer than using the RK method because of larger heat 

apacity of H 2 O in real fluid. 

The modeling by using the Virial and RK methods also com- 

ared with experimental data of literatures in the present work. 

omparisons of H 2 conversion in the isothermal flow reactor sim- 

lations with experimental data [35 , 36] in supercritical H 2 O are 

hown in Fig. 12 . Yetter et al. [37 , 38] and Li et al. [20] have re-
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Fig. 10. Mole fraction of H 2 verse temperature at 300 atm in the isother- 

mal flow reactor simulation by using Virial, RK, and ideal-gas EoS. 

H 2 :O 2 :H 2 O = 2.9:4.24:92.86. Residence time = 295 K ∗ 0.6 s / T. 

Fig. 11. The ignition delay time modeling for H 2 oxidation at 300 atm 

under constant-volume and adiabatic conditions using H 2 O as bath gases. 

H 2 :O 2 :H 2 O = 2.9:4.24:92.86. 
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Fig. 12. The H 2 conversion verse time in the isothermal flow reactor simulations 

using the Virial, RK and ideal-gas methods and their comparisons with experimen- 

tal data [ 35 , 36] in supercritical H 2 O. T = 823.15 K, P = 24.6 MPa, and ϕ = 0.99. 

Modeling curves are shifted to match experimental data when 50% of H 2 conver- 

sion [ 37 , 38] . 

Fig. 13. The ignition delay time modeling for H 2 oxidation in carbon dioxide and 

comparison with experimental data [39] . 
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orted the difficulties of modeling transient flow reactor exper- 

ment due to unknown induction time. They solve this problem 

y shifting simulation curves to match experimental data when 

0% consumption of fuels occurs. Thus, a similar treatment is per- 

ormed in our modeling. In Fig. 12 , the modeling results using 

he RK method are almost overlapped with ideal gas curves since 

he shifting treatment covers up the effects of real-fluid behavior. 

owever, the slope of modeling curves using the Virial method is 

maller and closer to experimental data for all hydrogen concen- 

rations than the RK method. The better performance of the Virial 

ethod is due to the more accurate prediction of heat capacity of 

 2 O. 

Comparisons of ignition delay time modeling with experimental 

ata in carbon dioxide [39] at high pressures are shown in Fig. 13 .

t both 110 and 250 atm, modeling results using both real-fluid 

ethods show better agreement with experimental data. The simi- 

ar performance of these two methods in CO 2 diluent in Fig. 13 cor- 

esponds the similar simulation results in Figs. 8 and 9 . 

According to the discussion above, as the Virial method has 

onsidered molecular polarization and shows higher accuracy of 
7 
hermodynamic property calculations than the RK method, it is 

een from Fig. 4. Fig. 9 that the Virial method gains additional 

odeling strength at adiabatic conditions in the bath gas of po- 

ar molecules like H 2 O. Hence, we believe the Virial method can 

ot only provide accurate estimations of real-fluid behavior at high 

ressures, but also provides physical insights in the intermolecular 

nteractions under supercritical conditions. 

Real-fluid effects on compressibility factors, thermodynamic 

roperties, chemical potentials, transport properties, and rate con- 

tants and further on system reactivity are summarized in 

Fig. 14 . It gives an overall view of influence of real fluid on reac-

ive flow simulations. The impact of real-fluid EoS on system reac- 

ivity depends on the compressibility factor of bath gas, Z > 1 for 

itrogen, Z < 1 for H 2 O and carbon dioxide. Real-fluid effects on 

ransport properties and rate constants still need further studies in 

he future. 
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Fig. 14. Diagram of real-fluid effects on reactive flow simulations. 
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. Conclusion 

The Virial equation of state (EoS) method coupled with the real- 

uid partition function theory has been consistently used to de- 

cribe real-fluid EoS, thermodynamic properties, and chemical po- 

ential calculations. Different from conventional empirical Redlich- 

wong (RK) EoS, the Virial method is constructed with includ- 

ng intermolecular interactions, potentials, and molecular polariza- 

ions with deeper-level physical insights on real fluids. The Virial 

ethod is for the first time incorporated into Cantera software to 

ealize real-fluid simulations. 

The calculations of species compressibility factors and ther- 

odynamic properties by using the Virial method show a bet- 

er agreement with experimental data in literature than using the 

K method. Especially, the calculated heat capacity of H 2 O is 10–

0% higher than the value in ideal-gas at 100 atm. The Virial 

ethod also possesses a better performance in predicting exper- 

mental H 2 ignition delay times and H 2 speciation profiles from 

iteratures. The effects of real fluid through corrections of com- 

ressibility factors, thermodynamic properties, and chemical po- 

entials on supercritical H 2 oxidation simulations in H 2 O, N 2 , and 

O 2 diluents have been rigorously analyzed, respectively. Simply 

ut, an increase of compressibility factor and heat capacity re- 

ults in a slower oxidation, while an increase of species chemi- 

al potential promotes the fuel oxidation in real fluid. Moreover, 

he Virial method gains additional modeling strength at adiabatic 

onditions in the bath gas of polar molecules like H 2 O, because 

t has considered molecular polarizations and shows higher accu- 

acy of thermodynamic property calculations than the RK method. 

ence, we believe the Virial method can not only provide accu- 

ate estimations of real-fluid behavior, but also provides physical 

nsights in the intermolecular interactions under supercritical con- 

itions. 
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