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Abstract: In this paper, a large-eddy simulation (LES) of turbulent non-premixed LO2/CH4 com-
bustion under transcritical conditions is performed based on the Mascotte test rig from the Office
National d’Etudes et de Recherches Aérospatiales (ONERA), and the aim is to understand the effects
of differential diffusion on the flame behaviors. In the LES, oxygen was injected into the environ-
ment above the critical pressure while the temperature was below the critical temperature. The
flamelet/progress variable (FPV) approach was used as the combustion model. Two LES cases with
different species diffusion coefficient schemes—i.e., non-unity and unity Lewis numbers—for generat-
ing the flamelet tables were carried out to explore the effects of differential diffusion on the flame and
flow structures. The results of the LES case with non-unity Lewis numbers were in good agreement
with the experimental data. It was shown that differential diffusion had evident impacts on the
flame structure and flow dynamics. In particular, when unity Lewis numbers were used to evaluate
the species diffusion coefficient, the flame length was underestimated and the flame expansion was
more significant. Compared to laminar counterflow flames, turbulence in jet flames allows chemical
reactions to take place in a wider range of mixture fractions. The density distributions of the two LES
cases in the mixture fraction space were very similar, indicating that differential diffusion had no
significant effects on the phase transition under transcritical conditions.

Keywords: large-eddy simulation; transcritical conditions; differential diffusion; flame structure;
flow dynamics

1. Introduction

Combustion under high pressure is used to improve thermodynamic efficiency and
reduce pollutant emission in many combustion devices, such as liquid rocket engines,
aircraft engines, and diesel engines [1]. The fluids in these engines can locally or even
globally be in a supercritical state, under which condition the properties of the fluid are
significantly different from those of a classical atmospheric fluid [2]. In practical engines,
such as liquid rocket engines, the transcritical state (i.e., when the pressure exceeds the
critical pressure of the fluid, but the temperature is lower than its critical temperature) is a
common thermodynamic state for reactant injection, with the surface tension and latent
heat of vaporization of the liquid being reduced, where jet dynamics are controlled by mass
transfer through turbulent mixing rather than breakup and atomization [3]. In order to
gain a better understanding of the complex process in practical engines, it is necessary to
carry out fundamental studies on turbulent flames under transcritical conditions.

Some experimental studies have been devoted to turbulent flames, where oxygen
was injected in a dense transcritical state, while the fuel (either H2 or CH4) was a light
supercritical fluid (i.e., at a temperature above the critical value). In experiments based
on the Mascotte test rig from the Office National d’Etudes et de Recherches Aérospatiales
(ONERA) [4–6], it was observed that the structures of flames under transcritical conditions
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were significantly different from those in which the reactants were all subcritical or super-
critical. In transcritical oxygen/gaseous hydrogen or methane flames, turbulent flames
generated by the injector lip wrapped around the central cold oxygen jet. Turbulent mixing
has become the most important factor in the combustion process. The mass flux from
the high-density area to the low-density area determines the rates of reactions. However,
due to the limitations of experimental diagnostics, quantitative results for the analyses of
transcritical flames are still lacking.

Numerical simulations were also carried out to understand turbulent flames under
high-pressure conditions. Reynolds-averaged Navier–Stokes (RANS) simulations were
able to provide good predictions of the mean flame shape [7–9] for turbulent combus-
tion under transcritical conditions. However, it is impossible to provide information on
unsteady flame and turbulence structures in RANS simulations. With the increase in
computing power, large-eddy simulations (LESs) have been used to predict turbulent
flow [10] and combustion [11–13] under supercritical conditions. Unsteady turbulent flame
structures in transcritical flows have also been studied using LES [14–17]. For example,
Laurent et al. [18,19] studied flame–wall interactions near the injector lip and the heat
release response to fuel inflow acoustic harmonic oscillations in CH4 oxy-combustion
at high pressures. Lacaze et al. [20] and Dahms et al. [21] explained the dynamics of the
transition from the classical spray atomization process to a single-phase continuous dense
fluid at high pressures. Wang et al. [22,23] investigated the flame dynamics of liquid bi-
swirl injectors in transcritical conditions. Various geometric parameters were examined
in depth to explore their influence on flame characteristics. Gao et al. [24] extended the
flamelet/progress variable (FPV) model for non-adiabatic combustion with the heat release
damping approach. The calculation results correctly predicted the flame lift heights and
maximum temperature position. Wada et al. [25] investigated the breakup mechanism of
an LOX core in liquid oxygen/gaseous hydrogen (LOX/GH2) supercritical combustion. In
the reactive case, the LOX core was found to break up further downstream than in the inert
case due to the turbulence being suppressed by the volume dilatation and viscous forces
around the LOX core.

Differential diffusion, which characterizes the physical process of specific transport
rates of species in mixtures, has been studied to some extent by previous researchers.
Sevault et al. [26] experimentally reported the differential diffusion phenomenon in CO2-
diluted non-premixed oxy-fuel flames. Hansinger et al. [27] performed a numerical
simulation of this experiment by using the transported probability density function (TPDF)
method. Differential diffusion was considered by incorporating species’ individual molecu-
lar diffusivities. The local extinction and the differential diffusion effect in the near field
were well reproduced in the simulation. Jung et al. [28] studied auto-ignited laminar
lifted methane/hydrogen jet flames and revealed that the differential diffusion of hydrogen
molecules led to an unusually decreasing liftoff height.

Many combustion models applied in LESs are based on the mixture fraction, which
is considered a passive scalar. One condition for the mixture fraction to be a passive
scalar is for all species to have equal mass diffusion coefficients [29]. However, when
differential diffusion exists in the combustion process, an additional term due to the
differential diffusion of species appears in the governing equation for the mixture fraction.
To ensure the accuracy of the results of numerical simulations, the influence of differential
diffusion needs to be considered. Wang [30] introduced a differential diffusion term due
to fuel with a non-unity Lewis number in the filtered governing equation of the mixture
fraction. Wen et al. [31–33] performed an LES by using the flamelet method and compared
the LES results with the experimental data of a Darmstadt flame. The coupling effect
of mixture stratification and differential diffusion on the flame structure was analyzed.
Gierth et al. [34] and Han et al. [35] chose Bilger’s mixture fraction [36] as one of the
flamelet parameters to take into account when studying the effect of differential diffusion.
The transport equations for major species were solved for the calculation of the Bilger
mixture fraction.
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Under high-pressure conditions, some numerical studies were also carried out to un-
derstand the effects of differential diffusion in laminar flame configurations. Gao et al. [37]
discussed the real-fluid effects of laminar premixed and non-premixed hydrothermal
flames, and they pointed out the sensitivity of laminar hydrothermal flames to the Lewis
number assumption. Kim et al. [38] extended the flamelet equation in the mixture fraction
space to calculate gaseous hydrogen and cryogenic liquid oxygen laminar flames. The
effects of real-fluid and differential diffusion on the local flame structures in liquid rocket
engines were explored. Guven et al. [39] emphasized the importance of non-ideal transport
under supercritical conditions, and the diffusion velocities of species were described by
using the gradient of the chemical potential coupled with the Peng–Robinson equation of
state. Yao et al. [40] used different mass diffusion models to calculate laminar counterflow
flames for typical rocket propellants under transcritical and supercritical conditions. It
was shown that the effects of differential diffusion on phase stability and pseudo-boiling
were limited, even in high-pressure states. Despite the above-mentioned studies, the effect
of differential diffusion on complex non-premixed turbulent flames under transcritical
conditions when using LESs is still an open question.

In this context, LESs of turbulent non-premixed LO2/CH4 combustion under trans-
critical conditions, which was reported in previous experiments [6], were performed in the
present work to explore the effects of differential diffusion. The objectives are as follows.
First, the real-fluid models are validated, and the LES results are compared with those
of the experiments. Second, two LES cases with different Lewis number assumptions
are carried out, and their results are compared in the physical space. Finally, the flame
structures are further discussed in the mixture fraction space to understand the influence
of differential diffusion.

2. Numerical Methods
2.1. Real-Fluid Model

When the pressure of a fluid exceeds its critical value, the estimation of the fluid’s
properties by using the ideal gas assumption would cause deviations, so corrections are
needed to account for the real-fluid effects. Based on previous studies, the Peng–Robinson
equation of state (P-R EoS) [41] was employed in this work to replace the ideal gas EoS,
which can be expressed as:

p =
RT

Vm − bm
− am

V2
m + 2Vmbm − b2

m
(1)

where Vm is defined as Vm = Mm/ρ, Mm is the mean molecular weight of the mixture, ρ is
the density, T is the temperature, and R is the ideal gas constant. The coefficients am and
bm represent the influences of attractive and repulsive forces on the mixture, respectively,
and they are calculated by using the mixing rules according to Poling et al. [42].

The departure function [42] of the P-R EoS is used to correct the thermodynamic prop-
erties, such as the specific heat capacity cp and enthalpy h under supercritical conditions,
which are determined as:

h = G− T(
∂G
∂T

)p,X = h0 + pv− RT + K1(am − T
∂am

∂T
) (2)

cp = (
∂h
∂T

)p,X = c0
p − T

(∂p/∂T)2
Vm,X

(∂p/∂Vm)T
− R− T

∂2am

∂T2 K1 (3)

K1 =
1

2
√

2bm
ln[

Vm + (1−
√

2)bm

Vm + (1 +
√

2)bm
] (4)

where h0 and c0
p are the enthalpy and specific heat capacity of the ideal gas obtained through

polynomial fitting from the NIST database [43].
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The transport properties, such as the viscosity µ and thermal conductivity λ, are
obtained by using Chung’s high-pressure calculation methods [44]:

µ = 36.344η∗
√

MmTc,m

V2/3
c,m

(5)

λ = 31.2
µ0Ψ
Mm

(G−1
2 + B6y) + qB7y2G2

√
T/Tc,m (6)

where Tc,m and Vc,m are the critical temperature and volume of the mixture, respectively,
µ0 represents the ideal gas reference viscosity, and Ψ is an empirical correlation. The
parameters η∗, G2, B6, B7, q, and y are described in detail in [44] and are not repeated here
for brevity.

Using the real-fluid models described above, two LES cases were considered to ex-
plore the effects of differential diffusion under transcritical conditions. Flamelet tables
were required in the LES, as will be explained in Section 2.2. Non-unity Lewis numbers
were adopted to generate the flamelet table in Case 1. The Lewis number is defined as
Lek = λ/(cpDk), where Dk is the diffusion coefficient of species k. The Lewis number of
each species was obtained by calculating the one-dimensional laminar premixed flame
with Flamemaster [45] with detailed transport models. The code of Flamemaster used
in this work was extended to coupling real-fluid effects [46]. The Lewis numbers of all
species were set to unity to generate the flamelet table in Case 2 to eliminate the effects of
differential diffusion.

In order to clarify the importance of Lewis number schemes for the flame structure, a
comparison of laminar counterflow flames in the mixture fraction space with different Lewis
number schemes was carried out and is displayed in Figure 1. The solid lines correspond to
the results with non-unity Lewis numbers, and the dashed lines correspond to the results
with unity Lewis numbers. Both calculations were carried out under a pressure of 5.59 MPa.
The inlet of the oxidizer side consisted of pure oxygen and the temperature was 85 K,
while the inlet of the fuel side consisted of pure methane and the temperature was 288 K,
which was consistent with the experimental conditions [6]. The scalar dissipation rate at
the flame location χst was set to 2 s−1. GRI-Mech 3.0 was used as the reaction mechanism
for the two cases. The temperature profiles showed that the maximum temperatures of
the two flames were close to each other. However, careful discrimination indicates that
the mixture fraction corresponding to the peak temperature was slightly biased towards
the oxidizer side for the case with non-unity Lewis numbers. The trend of the OH mass
fraction distribution was consistent with that of the temperature, as expected, while the
peak value of the OH mass fraction with unity Lewis numbers was a little bit higher than
that with non-unity Lewis numbers. Meanwhile, it was observed that the peak value of
the H2O mass fraction was larger when unity Lewis numbers were applied. As for the H
mass fraction curve, it was seen that its maximum value in the flame with unity Lewis
numbers was almost twice as large as that in the flame with non-unity Lewis numbers. The
above results indicate that the Lewis numbers considerably influenced the structures of
transcritical LO2/CH4 laminar counterflow flames.
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Figure 1. The contrast of laminar counterflow flames in the mixture fraction space. Solid lines:
non-unity Lewis numbers; dashed lines: unity Lewis numbers.

2.2. FPV Model

The flamelet/progress variable (FPV) model [47] was used here as the combustion
model. Compared with the steady laminar flamelet (SLF) model [48], the FPV model
introduces a progress variable C so that all of the state information on the S-curve can be
used when building tables. In previous studies [49], it was considered reasonable that the
progress variable was defined by linear combinations of the main products’ mass fractions.
Here, the progress variable C is defined as:

C = YCO2 + YH2O + YCO + YH2 (7)

By solving the steady flamelet equations, any thermo-chemical variable φ can be
written as:

φ = φ(Z, Λ) (8)

where Λ is the sequence number of flamelet solutions along the S-curve, and Z is the
mixture fraction based on Bilger’s definition [36]. Since the progress variable C can also be
considered a specific thermo-chemical variable, it is expressed as:

C = C(Z, Λ) (9)

Assuming that a unique inversion exists in Equation (9) [47], then Λ can be determined
with a given Z and C:

Λ = C−1(Z, C) (10)

Therefore, any thermo-chemical variable φ can be regarded as a function of the mixture
fraction Z and progress variable C:

φ = φ(Z, C−1(Z, C)) = Φ(Z, C) (11)

In the framework of an LES, the filtered variable needs to be integrated by sub-filter
probability density functions (PDFs). Here, the β-PDF is used for Z and the δ-PDF is used
for C. Therefore, the filtered variable can be written as:

Φ̃ =
∫∫

Φ(Z, C)P(Z; Z̃, ˜Z′′2)P(C; C̃)dZdC = Φ̃(Z̃, ˜Z′′2, C̃) (12)

In the FPV model, the transport equations of Z̃, ˜Z′′2, and C̃ are solved [29] in the
following form:

∂(ρ̄Z̃)
∂t

+
∂ρ̄ũiZ̃

∂xi
=

∂

∂xi
[(ρ̄D̃ +

µt

Sct
)

∂Z̃
∂xi

] (13)
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∂(ρ̄ ˜Z′′2)
∂t

+
∂(ρ̄ũi

˜Z′′2)
∂xi

=
∂

∂xi
[(ρ̄D̃ +

µt

Sct
)

∂ ˜Z′′2

∂xi
] + 2(

µt

Sct
)(

∂Z̃
∂xi

)− ρ̄χ̃ (14)

∂(ρ̄C̃)
∂t

+
∂ρ̄ũiC̃

∂xi
=

∂

∂xi
[(ρ̄D̃ +

µt

Sct
)

∂C̃
∂xi

] + ¯̇ωC (15)

where ρ̄ and ũi denote the filtered density and Favre filtered velocity in the ith direction,
respectively. µt is the subgrid eddy viscosity calculated with the Smagorinsky model [50].
Sct is the turbulent Schmidt number and was set to 0.7. ¯̇ωC is the source term of the
progress variable. D̃ is the filtered molecular diffusivity. In an LES, the calculation of χ̃ is
decomposed into the solved large-scale part and the unsolved subgrid part as follows:

χ̃ = 2D̃(∇Z̃)2 + 2
µt

˜Z′′2

Sct42 (16)

In the above equations, ρ̄, D̃, and ¯̇ωC are obtained from the flamelet table. Note that
the differential diffusion term [51] in the governing equation ofthe mixture fraction is
neglected in the present work, and this has been implemented in the same way in previous
studies [52,53]. For filtered variables, a three-dimensional table indexed by Z̃, ˜Z′′2, and C̃
can be generated. Note that all thermodynamic and transport properties used in the FPV
model were predicted with the real-fluid models discussed in Section 2.1.

3. Experimental and Numerical Setup

The LES configuration of the present work was based on G2 of the Mascotte test rig
from ONERA [8], which has been studied both experimentally and numerically. In the
experiment, a dense oxygen stream was injected by a single coaxial injector with an inner di-
ameter of d0 = 5 mm at a low velocity, and this was surrounded by an annular high-velocity
methane stream with an outer diameter of d1 = 10 mm. The pressure in the chamber was set
to 5.59 MPa, which was above the critical values for both streams. The inlet temperatures
were 85 and 288 K for the oxygen and methane stream, respectively. Therefore, the injected
oxygen was transcritical and liquid-like, while the injected methane is supercritical. The
operating parameters are listed in Table 1, where pR and TR are the reduced temperature
and pressure, respectively, which were obtained through normalization by using their
respective critical values.

Table 1. Operating parameters.

Species ṁ (g/s) TR PR

O2 44.4 0.55 1.11
CH4 143.1 1.51 1.22

Figure 2 shows the geometry of the computational domain for the LES, which had a
square cross-section of 50 × 50 mm2. The length of the computational domain was 100 mm.
The whole domain was discretized with 4,090,000 points and 4,060,000 hexahedrons. An
additional simulation with only half of the grid points was also performed, and the results
were similar to those presented in this paper. The cell was stretched downstream, where the
flame and flow structures were larger. The smallest cell was located at the inlets between the
oxygen and methane streams. A turbulent intensity of 3% was added to the mean velocity
profiles of the oxygen and methane streams. A non-slip iso-thermal boundary condition
was applied to the walls, and the wall temperature was the same as that of the methane
stream, i.e., 288 K. The imposed pressure condition was applied at the outlet. In order to
capture the detailed reaction process, a detailed methane mechanism, i.e., GRI-Mech 3.0,
which contained 53 species components and 325 elementary reactions, was used to generate
the flamelet table [45].
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Figure 2. Schematic of the computational domain and the boundary conditions.

In order to completely describe the chemical state of the combustion process, about
200 one-dimensional laminar counterflow flames with different stoichiometric scalar dissi-
pation rates were calculated with extended Flamemaster [46], which included the whole
real-fluid models. The flamelet table was generated through coordinate transformation
and integration of these flamelet calculation results. The size of the flamelet table for each
variable was 101× 10× 401 grids for Z̃× ˜Z′′2 × C̃. ˜Z′′2 was normalized and uniformly
distributed on a scale from 0 to 1. To improve the accuracy of the simulations, Z̃ and C̃
were unevenly distributed and encrypted in the reaction zone. The maximum value of C̃
was 0.94. The LESs were carried out by using a solver called scFPVFoam [46], which was
developed from the standard solver reactingFoam in the open-source software OpenFoam-
2.3.1 [54]. In addition to the governing equations of Z̃, ˜Z′′2, and C̃ that were mentioned
above, the mass conservation and momentum conservation equations also needed to be
solved with scFPVFoam to obtain the velocity and pressure. The variables needed could
be obtained from the flamelet table with the results of the governing equations. Therefore,
the real-fluid corrections were not coupled in scFPVFoam. The PIMPLE algorithm was
used to solve the coupling of the velocity and pressure. The unsteady term was solved
by using the implicit Euler scheme, while the convective and diffusion terms were solved
by using the second-order central difference scheme. Two LES cases were carried out, as
mentioned earlier. In Case 1, non-unity Lewis numbers were used to generate the flamelet
table, while in Case 2, unity Lewis numbers were employed. Otherwise, the numerical
details of the two cases were the same. For both cases, the simulations ran for 40 ms to
reach a statistically steady state, corresponding to about four convective times (based on
the oxygen injection velocity and the flame length). Then, the simulations ran another 40 ms
to collect the statistics that are presented in the paper. As the flamelet table had the same
size in two conditions, each case in the stage of LES used 128 processors for approximately
10 days, requiring 30,000 CPU hours.

4. Results and Discussion

In this section, the real-fluid models described in Section 2.1 are first verified, and
the LES results are compared with those of the experiment. Then, the flame and flow
structures of different LES cases are both qualitatively and quantitatively analyzed. Finally,
the flame structure is examined in the mixture fraction space to explore the influence of
differential diffusion.

4.1. Model Validation

The accuracy of the real-fluid properties is verified first, as reliable fluid properties
are essential for transcritical non-premixed flame simulations. Figure 3 shows the profiles
of the densities, constant-pressure heat capacities, viscosities, and thermal conductivities
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of the fuel and oxidizer at a supercritical pressure of 5.59 MPa over a certain range of
temperatures. The results of the ideal gas and real-fluid models are compared with the
values in the NIST database [43]. It can be seen that the predictions of the real-fluid models
were much better than that of the ideal-gas model. However, some differences between the
real-fluid model and the NIST results were observed as the temperature approached the
critical temperature for oxygen (T < 154.6 K), consistently with what was reported in [37].
Methane was injected above its critical temperature (T > 190.6 K), and the real-fluid model
was also in good agreement with the values in the NIST database.

(a) (b)

Figure 3. Comparisons of the real-fluid model, ideal gas model, and NIST data for physical properties
of the reactants at 5.59 MPa. Symbol: NIST data; red line: real-fluid model; blue line: ideal gas model.
(a) Physical properties of O2. (b) Physical properties of CH4. For each subgraph, top left: density; top
right: constant-pressure heat capacity; bottom left: viscosity; bottom right: thermal conductivity.

The real-fluid models were further validated in laminar flames coupled with the
transport properties and chemical reactions, and the results are shown in Figure 4. The non-
premixed O2/CH4 laminar counterflow flame under supercritical pressure was calculated
and compared with existing data from the literature [55]. The operating pressure was
100 bar, which was above the critical value for both O2 and CH4. The temperature of CH4
was set to 300 K. The temperature of O2 was set to 120 K, which was below the critical
temperature of oxygen, corresponding to the transcritical condition. Non-unity Lewis
numbers were used for the simulation. In the calculation, the strain rate was a = 140 s−1,
which was defined as the velocity gradient in the oxidizer stream [45]. The profiles of the
temperature and various species’ mass fractions from the present work were compared
with those from Wang et al. [55]. It was seen that very good agreement was obtained for
the distributions of various quantities, thus validating the real-fluid model and transport
properties that were employed in the present work.
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Figure 4. Validations of laminar counterflow diffusion flames at 100 bar (the solid lines indicate the
present work and the symbols represent the data from Wang et al. [55]).
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In the following, the LES results are validated against the experimental measurements.
As mentioned in Section 3, Case 1 included the real-fluid model with non-unity Lewis
numbers, which was more realistic than Case 2, so the predictions from Case 1 for G2 of
the Mascotte test rig were compared with the experimental results. Note that under the
very-high-pressure cryogenic condition, only a few experimental data are available. The
most quantitative data were the signals of OH∗, which characterized the flame shape [5].
In the present work, the OH mass fraction was used to approximate the OH∗ signal, which
was proved to be a reasonable approximation [9]. In the previous work of Schmitt [13], the
chemical species were considered to have equal diffusivities, and the transport equation for
each species needed to be solved. The flame structure was characterized by the distribution
of the mean heat release. It can be seen from the simulation results that although the
flame length was consistent with the experimental data, the expansion of the flame tail was
overestimated. The upper panel of Figure 5a shows the distributions of the mean OH mass
fraction from Case 1, while the lower panel shows the Abel transform of the OH∗ signal
from the experiment [13]. It was seen that the reaction layer was thin near the nozzle, and
it was progressively broadened with increasing downstream distance. The expansion angle
of the flame was large close to the flame tip at around x/d = 10. After expanding to its
maximum, the flame terminated abruptly. Overall, the flame structures of the experiment
were well captured by using the LES.

(a)

0

1×10-2

1.6×10-2

U(m/s)

(b)

Figure 5. Flame and flow structures for Case 1. (a) Upper panel: mean distribution of the OH
mass fraction for Case 1; lower panel: Abel transform of OH∗ emissions from the experiments [13].
(b) Mean distribution of the axial velocity. The white line shows the iso-line of zero axial velocity.

The abrupt termination of the flame was a result of the coupling of combustion and
turbulent flows, which was further examined. The mean axial velocity distribution from
Case 1 is shown in Figure 5b. Two recirculation zones were observed in the velocity contour,
i.e., one near the wall and the other one near the centerline. The recirculation zone near the
wall was formed due to the confinement by the walls, which promoted the movement of
the methane jet toward the wall; thus, the expansion angle of the flame rapidly increased.
The recirculation zone near the centerline was formed due to the large velocity difference
resulting from the low velocity of the oxygen stream and the high velocity of the methane
stream. The recirculation zone near the centerline facilitated the abrupt termination of
the flame.

4.2. Flame Structure and Flow Dynamics

In this section, the flame and flow structures of two LES cases are presented and
compared to explore the effects of differential diffusion. Figure 6 displays the instantaneous
LES results of the two cases. Figure 6 shows two iso-surfaces for both LES cases. One
is the iso-surface of the Q-vortex, which is colored by the axial velocity. The other is the
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iso-surface of the density, which is shown in a gray color. The Q-vortex is defined as
Q = 0.5(|Ω|2 − |S|2), where Ω is the vorticity tensor and S is the strain rate tensor. The iso-
surface of the Q-vortex characterized the dynamic structure in the flow and the formation
of coherent structures near the nozzle, and a rapid transition to a disrupted flow could be
observed. This highly turbulent structure wrinkled the flame front, as will be discussed
shortly.

(a) (b)
U

ρ

Figure 6. Instantaneous calculation results in the LES. The iso-surface of the Q-vortex (4× 108 s−1)
colored by the axial velocity, and the iso-surface of the density (100 kg/m3) for both LES cases:
(a) Case 1 and (b) Case 2.

Figure 7 shows the instantaneous distributions of the axial velocity U, temperature T,
and mass fractions of OH, O2, and H from the LES cases. In the first column, the solid white
lines represent the contour lines with an axial velocity of zero (U = 0). It was seen that
the instantaneous distributions of the axial velocities for the two cases were very similar,
and recirculation zones were observed near the wall and near the centerline. There was
a strong shear turbulence layer between the outer methane jet and the oxygen jet core
due to the existence of a large velocity gradient. In the temperature contour, the solid
white lines indicate the isolines of the stoichiometric mixture fraction (Z = Zst). It was
found that the high-temperature region was near the stoichiometric mixture fraction, and
the front of the flame was wrinkled due to the shear between the methane and oxygen
streams. The flame expanded in the downstream region due to the interaction between the
flame and the central recirculation zone. As an intermediate species of methane/oxygen
combustion, the distribution of OH was similar to that of the temperature. Overall, the
reaction zones became thicker with increasing downstream distance. It was noted that
the magnitude of the OH mass fraction of Case 2 was slightly larger than that of Case 1,
and the expansion of the flame after x > 8d was more obvious. Compared with that in
Case 1, the oxygen jet length in Case 2 was slightly shorter, indicating that the reaction rate
of oxygen was faster under the conditions with unity Lewis numbers. The difference in
the H distribution between the two cases is significant. In particular, the concentration of
H in Case 2 was much higher than that in Case 1. This highlights the role of differential
diffusion in influencing the flame structure.

The flame structure and flow dynamics can be more quantitatively illustrated by
using the mean field distribution. Figure 8 shows the averaged axial velocity and the
species’ mass fraction distributions for the two cases. The averaging was performed in the
azimuthal direction and over time. In Figure 8a, it can be seen that the distributions of the
mean axial velocity were very similar. However, the recirculation zone in Case 2 occurred
slightly more upstream compared with that of Case 1. It can be seen from Figure 8b,c that
the mean flame structures of the two cases were considerably different. At 6d < x < 10d,
Case 1 had a smaller flame expansion angle and a thinner reaction region compared with
those of Case 2, while the concentrations of OH and H were higher in Case 2 than in Case 1,
as was also observed in the instantaneous distributions of species’ mass fractions shown in
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Figure 7. It can also be seen in the figure that the flame in Case 2 was shorter than that in
Case 1.

U(m/s) T(K) YOH YO2 YH

-40 100 85 3400 0 6×10 0 1 0 1×10

d/x
d/x

0

20

16

12

8

4

0

20

16

12

8

4

0-1-5 1 5
r/d

-2 -3

Figure 7. Representative snapshots in a slice of the calculation domain of the axial velocity, tempera-
ture, and mass fractions of OH, O2, and H in the 3D LES. Case 1 is listed in the first line, while Case 2
is in the second. The solid white lines in the first column indicate the isolines that the axial velocity is
equal to 0, and the solid white lines in the second column indicate the isolines of the stoichiometric
ratio mixture fraction.

Figure 9 compares the radial profiles of various quantities at different axial locations.
The top row presents the results of the mean axial velocity. At x = 4d, the axial velocities of
the two cases were almost the same, and the difference between the two cases increased
along the flow direction. The recirculation zone near the wall in both cases was reflected in
the profiles of large values of r. It was seen that the peak velocity of the two cases moved
slowly in the radial direction with increasing axial distance, and that in Case 2 was further
away from centerline compared with that in Case 1 in the downstream. The second row
shows the mean OH mass fraction profiles at different axial locations. It was confirmed
that, at the first three axial locations, the OH mass fraction in Case 2 is higher than that in
Case 1, and it had a wider distribution, indicating a thicker reaction region. As a result, the
flame was completed earlier in Case 2, and its length appeared to be shorter. The mean
H mass fraction profiles are displayed in the third row of Figure 9. The trend of the H
mass fraction distribution was similar to that of the OH mass fraction, and it was seen that
the mean H mass fraction was higher in Case 2 than that in Case 1 at the first three axial
locations. At x/d = 10, the peak H mass fraction in Case 1 was higher than that in Case 2.
This indicated that the differential diffusion considerably affected the flame structure and
flow structure under transcritical conditions.
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Figure 8. Comparison of the mean axial velocity, OH mass fraction, and H mass fraction distributions
for the two LES cases. The upper panel of each subgraph is from Case 1, and the lower panel is from
Case 2. (a) Mean axial velocity. (b) Mean OH mass fraction. (c) Mean H mass fraction. The white line
shows the isoline of zero axial velocity.

x=4d x=6d x=8d x=10d

×10-4

Figure 9. Radial profiles of mean quantities for the three cases at different axial locations: x = 4d,
x = 6d, x = 8d, x = 10d.

4.3. Flame Structure in the Mixture Fraction Space

In order to further explore the influence of differential diffusion, Figure 10 shows
scatterplots of the OH mass fraction in the mixture fraction space for the two cases. The
solid black lines represent the conditional means of the LES results, while the scatter
points are colored according to the H mass fraction values. The solutions of three laminar
counterflow flames with different stoichiometric scalar dissipation rate are also shown for
reference. The stoichiometric scalar dissipation rates of the laminar flames were χst = 2 s−1,
χst = 500 s−1, and χst = 6000 s−1. The results show that differential diffusion led to more
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H2, H, and other species diffusing to the lean side, which affected the chemical reaction
process and, thus, caused the flame to move to the oxidizer side. A similar phenomenon
was also found in the studies of Kim [38] and Yao et al. [40]. This was also consistent with
the observation that the mixture fractions corresponding to the peaks of the two curves in
Figure 1 were different. Compared with the results of laminar counterflow flames, the OH
mass fraction of the flames when using the LES had a wider range in the mixture fraction
space. This was because turbulence enhanced mixing and allowed chemical reactions to
occur in a wider range of mixture fractions. By comparing laminar counterflow flames
with different Lewis number schemes, it was found that the OH mass fraction was more
sensitive to scalar dissipation rates when differential diffusion was considered.

The impacts of differential diffusion can be quantitatively measured with the differen-
tial diffusion parameter ZHC [56], which is defined as the difference between the elemental
mixture fractions of hydrogen and carbon:

ZHC = ZH − ZC (17)

According to Barlow et al. [56], the mixture fractions for hydrogen and carbon are
defined as:

ZH =
YH −YH,1

YH,2 −YH,1
, ZC =

YC −YC,1

YC,2 −YC,1
(18)

where the subscripts 1 and 2 represent the fuel side and the oxidizer side, respectively.
The variable ZHC was computed, and the results are shown in Figure 11. In addition
to the conditional statistics of the two LES cases, the laminar counterflow flame results
when considering differential diffusion with various stoichiometric scalar dissipation
rates are also presented. The distributions of ZHC in Case 2 with unity Lewis numbers
did not vary significantly in the mixture fraction space. It can be seen in the figure that
all numerical simulation results with non-unity Lewis numbers had obvious effects of
differential diffusion. The differential diffusion of H2 and H to the reaction zone led to a
deficit in hydrogen relative to carbon on both the oxidizer side and the fuel side. A positive
peak of ZHC in the reaction zone on the rich side of the stoichiometric mixture fraction
could be observed. By comparing the laminar flame results of different stoichiometric scalar
dissipation rates, it was found that the differential diffusion effect gradually decreased
with the increase in the scalar dissipation rate. This indicated that the differential diffusion
effect was sensitive to the imposed scalar dissipation rate.

0

2×10-4

4×10-4

6×10-4

8×10-4

10×10-4

Figure 10. Scatter data colored according to the H mass fraction and the conditional means of the OH
mass fraction in the mixture fraction space for (left) Case 1 and (right) Case 2. The solid black line
represents the LES’s conditional statistical results. The purple curves correspond to laminar counter-
flow flames with different stoichiometric scalar dissipation rates: (solid) 2 s−1, (dashed) 500 s−1, and
(dash-dotted) 6000 s−1. The vertical dashed lines mark the stoichiometric mixture fraction.
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Figure 11. Differential diffusion parameter ZHC plotted over the mixture fraction space for two LES
cases and laminar counterflow flames with non-unity Lewis numbers. Along the arrow’s direction,
the dissipation rate of laminar counterflow flames increases, and the values of the scalar dissipation
rate are the same as those in Figure 10.

In this work, oxygen was in a transcritical state when it was injected, so the phase
transition in the system is an interesting topic. In transcritical flows, the location of the
pseudo-boiling point is critical, as it can have significant implications for the flame structure
and stability. The pseudo-boiling point can be characterized by a large drop in the density
of the fluid, which is shown in Figure 12. It can be seen in the figure that the position where
the maximum value of the density gradient appeared corresponded to the same mixture
fraction in both cases. The results here show that the unity Lewis number assumption
did not have significant impacts on the pseudo-boiling point of the system. This was
consistent with the findings of Yao et al. [40]. Figure 12 shows that the positions of the
pseudo-boiling points in the two cases were very close to the oxidizer side, while the
differential diffusion occurred in the reaction zone near the stoichiometric mixture fraction,
as shown in Figure 10. This indicates that the influence caused by differential diffusion
mainly occurred in the high-temperature region, i.e., near the flame front, and the effect
near the pseudo-boiling point was minor.

10-10 10-8 10-6 10-4 10-2 100
0

200

400

600

800

1000

1200

1400 non-unity Le
unity Le

Figure 12. Density distribution in the mixture fraction space for the two cases.

5. Conclusions

In the present work, the FPV model was used for an LES of turbulent non-premixed
LO2/CH4 flames under transcritical conditions. Two cases with different Lewis numbers
were considered. Because the sizes of the flamelet tables were the same, the two cases
had similar computational costs. The influence of the differential diffusion on the flame
structure and flow dynamics in G2 of the Mascotte test rig from ONERA was explored.
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The main findings about the differential diffusion are summarized as follows. First, the
accuracy of the real-fluid models used in this work was comprehensively verified for a
single species and in laminar counterflow flames. The flame structure of G2 of the Mascotte
test rig was also well captured by the LES. Second, it was shown that different Lewis
number assumptions had evident impacts on both laminar counterflow flames and the
LES results. The flame length was underestimated and the flame expansion was more
significant downstream when using unity Lewis numbers. Finally, it was revealed that
differential diffusion caused the chemical reaction to be biased toward the oxidizer side.
Turbulence allowed combustion to take place over a more expansive mixture fraction space.
Differential diffusion under transcritical conditions did not affect the pseudo-boiling point.
In conclusion, it is essential to consider differential diffusion in order to accurately model
transcritical turbulent flames using LESs, even though its influence on phase transitions at
high pressures is limited.

Author Contributions: Conceptualization, S.W. and H.W.; methodology, S.W.; software, S.W.; valida-
tion, S.W. and H.W.; formal analysis, S.W.; investigation, S.W.; resources, S.W.; data curation, S.W.
and H.W.; writing—original draft preparation, S.W. and H.W.; writing—review and editing, S.W.,
H.W., K.L. and J.F.; visualization, S.W.; supervision, H.W.; project administration, H.W., K.L. and J.F.;
funding acquisition, H.W., K.L. and J.F. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Natural Science Foundation of China (Grant Nos. 52022091
and 51976185). This research was also funded by the Fundamental Research Funds for the Central
Universities, China (Grant No. 2021FZZX001-10).

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Reitz, R.D. Directions in internal combustion engine research. Combust. Flame 2013, 160, 1–8. [CrossRef]
2. Yang, V. Modeling of supercritical vaporization, mixing, and combustion processes in liquid-fueled propulsion systems. Proc.

Combust. Inst. 2000, 28, 925–942. [CrossRef]
3. Mayer, W.; Telaar, J.; Branam, R.; Schneider, G.; Hussong, J. Raman Measurements of Cryogenic Injection at Supercritical Pressure.

Heat Mass Transf. 2003, 39, 709–719. [CrossRef]
4. Habiballah, M.; Orain, M.; Grisch, F.; Vingert, L.; Gicquel, P. Experimental studies of high-pressure cryogenic flames on the

mascotte facility. Combust. Sci. Technol. 2006, 178, 101–128. [CrossRef]
5. Candel, S.; Juniper, M.; Singla, G.; Scouflaire, P.; Rolon, C. Structure and dynamics of cryogenic flames at supercritical pressure.

Combust. Sci. Technol. 2006, 178, 161–192. [CrossRef]
6. Singla, G.; Scouflaire, P.; Rolon, C.; Candel, S. Transcritical oxygen/transcritical or supercritical methane combustion. Proc.

Combust. Inst. 2005, 30, 2921–2928. [CrossRef]
7. Poschner, M.; Pfitzner, M. Real Gas CFD Simulation of Supercritical H2-LOX in the MASCOTTE Single Injector Combustor

Using a Commercial CFD Code. In Proceedings of the 46th AIAA Aerospace Sciences Meeting and Exhibit, Reno, NV, USA,
7–10 January 2008.

8. Benmansour, A.; Liazid, A.; Logerais, P.O.; Durastanti, J.F. A 3D numerical study of LO2/GH2 supercritical combustion in the
ONERA-Mascotte Test-rig configuration. J. Therm. Sci. 2016, 25, 97–108. [CrossRef]

9. Huang, D.; Wang, Q.; Meng, H. Modeling of supercritical-pressure turbulent combustion of hydrocarbon fuels using a modified
flamelet-progress-variable approach. Appl. Therm. Eng. 2017, 119, 472–480. [CrossRef]

10. Lagarza-Cortés, C.; Ramírez-Cruz, J.; Salinas-Vázquez, M.; Vicente-Rodríguez, W.; Cubos-Ramírez, J.M. Large-eddy simulation of
transcritical and supercritical jets immersed in a quiescent environment. Phys. Fluids 2019, 31, 025104. [CrossRef]

11. Huo, H.; Yang, V. Large-Eddy Simulation of Supercritical Combustion: Model Validation Against Gaseous H2–O2 Injector. J.
Propuls. Power 2017, 33, 1272–1284. [CrossRef]

12. Ma, P.C.; Wu, H.; Ihme, M.; Hickey, J.P. Nonadiabatic Flamelet Formulation for Predicting Wall Heat Transfer in Rocket Engines.
AIAA J. 2018, 56, 2336–2349. [CrossRef]

13. Schmitt, T.; Méry, Y.; Boileau, M.; Candel, S. Large-Eddy Simulation of oxygen/methane flames under transcritical conditions.
Proc. Combust. Inst. 2011, 33, 1383–1390. [CrossRef]

14. Pelletier, M.; Schmitt, T.; Ducruix, S. A multifluid Taylor-Galerkin methodology for the simulation of compressible multicompo-
nent separate two-phase flows from subcritical to supercritical states. Comput. Fluids 2020, 206, 104588. [CrossRef]

http://doi.org/10.1016/j.combustflame.2012.11.002
http://dx.doi.org/10.1016/S0082-0784(00)80299-4
http://dx.doi.org/10.1007/s00231-002-0315-x
http://dx.doi.org/10.1080/00102200500294486
http://dx.doi.org/10.1080/00102200500292530
http://dx.doi.org/10.1016/j.proci.2004.08.063
http://dx.doi.org/10.1007/s11630-016-0839-x
http://dx.doi.org/10.1016/j.applthermaleng.2017.03.088
http://dx.doi.org/10.1063/1.5054797
http://dx.doi.org/10.2514/1.B36368
http://dx.doi.org/10.2514/1.J056539
http://dx.doi.org/10.1016/j.proci.2010.07.036
http://dx.doi.org/10.1016/j.compfluid.2020.104588


Energies 2023, 16, 1065 16 of 17

15. Thomas, S. Large-Eddy Simulations of the Mascotte Test Cases Operating at Supercritical Pressure. Flow Turbul Combust. 2020,
105, 159–189. [CrossRef]

16. Ma, P.C.; Banuti, D.; Hickey, J.P.; Ihme, M. Numerical framework for transcritical real-fluid reacting flow simulations using
the flamelet progress variable approach. In Proceedings of the 55th AIAA Aerospace Sciences Meeting, Grapevine, TX, USA,
9–13 January 2017.

17. Banuti, D.T.; Ma, P.C.; Hickey, J.P.; Ihme, M. Thermodynamic structure of supercritical LOX–GH2 diffusion flames. Combust.
Flame 2018, 196, 364–376. [CrossRef]

18. Laurent, C.; Esclapez, L.; Maestro, D.; Staffelbach, G.; Cuenot, B.; Selle, L.; Schmitt, T.; Duchaine, F.; Poinsot, T. Flame–wall
interaction effects on the flame root stabilization mechanisms of a doubly-transcritical LO2/LCH4 cryogenic flame. Proc. Combust.
Inst. 2019, 37, 5147–5154. [CrossRef]

19. Laurent, C.; Staffelbach, G.; Nicoud, F.; Poinsot, T. Heat-release dynamics in a doubly-transcritical LO2/LCH4 cryogenic coaxial
jet flame subjected to fuel inflow acoustic modulation. Proc. Combust. Inst. 2021, 38, 6375–6383. [CrossRef]

20. Lacaze, G.; Misdariis, A.; Ruiz, A.; Oefelein, J.C. Analysis of high-pressure Diesel fuel injection processes using LES with real-fluid
thermodynamics and transport. Proc. Combust. Inst. 2015, 35, 1603–1611. [CrossRef]

21. Dahms, R.N.; Oefelein, J.C. Non-equilibrium gas–liquid interface dynamics in high-pressure liquid injection systems. Proc.
Combust. Inst. 2015, 35, 1587–1594. [CrossRef]

22. Wang, X.; Li, Y.; Wang, Y.; Yang, V. Near-field flame dynamics of liquid oxygen/kerosene bi-swirl injectors at supercritical
conditions. Combust. Flame 2018, 190, 1–11. [CrossRef]

23. Wang, X.; Zhang, L.; Li, Y.; Yeh, S.T.; Yang, V. Supercritical combustion of gas-centered liquid-swirl coaxial injectors for
staged-combustion engines. Combust. Flame 2018, 197, 204–214. [CrossRef]

24. Gao, Z.; Wang, H.; Song, C.; Luo, K.; Fan, J. Large-eddy simulation of hydrothermal flames using extended flamelet/progress
variable approach. J. Supercrit. Fluids 2020, 163, 104843. [CrossRef]

25. Wada, S.; Kai, R.; Kurose, R. LES study on the breakup mechanism of LOX core in LOX/GH2 supercritical combustion. Proc.
Combust. Inst. 2022 . [CrossRef]

26. Sevault, A.; Dunn, M.; Barlow, R.S.; Ditaranto, M. On the structure of the near field of oxy-fuel jet flames using Raman/Rayleigh
laser diagnostics. Combust. Flame 2012, 159, 3342–3352. [CrossRef]

27. Hansinger, M.; Pfitzner, M.; Sabelnikov, V.A. LES of oxy-fuel jet flames using the Eulerian Stochastic Fields method with
differential diffusion. Proc. Combust. Inst. 2021, 38, 2665–2672. [CrossRef]

28. Jung, K.S.; Kim, S.O.; Lu, T.; Chung, S.H.; Lee, B.J.; Yoo, C.S. Differential diffusion effect on the stabilization characteristics of
autoignited laminar lifted methane/hydrogen jet flames in heated coflow air. Combust. Flame 2018, 198, 305–319. [CrossRef]

29. Poinsot, T.; Veynante, D. Theoretical and Numerical Combustion, 2nd ed.; RT Edwards, Inc.: Morningside, Australia, 2005.
30. Wang, H. Consistent flamelet modeling of differential molecular diffusion for turbulent non-premixed flames. Phys. Fluids 2016,

28, 035102. [CrossRef]
31. Wen, X.; Gierth, S.; Rieth, M.; Chen, J.H.; Hasse, C. Large-eddy simulation of a multi-injection flame in a diesel engine environment

using an unsteady flamelet/progress variable approach. Phys. Fluids 2021, 33, 105107. [CrossRef]
32. Wen, X.; Hartl, S.; Dreizler, A.; Janicka, J.; Hasse, C. Flame structure analysis of turbulent premixed/stratified flames with H2

addition considering differential diffusion and stretch effects. Proc. Combust. Inst. 2021, 38, 2993–3001. [CrossRef]
33. Wen, X.; Dressler, L.; Dreizler, A.; Sadiki, A.; Janicka, J.; Hasse, C. Flamelet LES of turbulent premixed/stratified flames with H2

addition. Combust. Flame 2021, 230, 111428. [CrossRef]
34. Gierth, S.; Hunger, F.; Popp, S.; Wu, H.; Ihme, M.; Hasse, C. Assessment of differential diffusion effects in flamelet modeling of

oxy-fuel flames. Combust. Flame 2018, 197, 134–144. [CrossRef]
35. Han, W.; Scholtissek, A.; Dietzsch, F.; Hasse, C. Thermal and chemical effects of differential diffusion in turbulent non-premixed

H2 flames. Proc. Combust. Inst. 2021, 38, 2627–2634. [CrossRef]
36. Bilger, R.W. The Structure of Diffusion Flames. Combust. Sci. Technol. 1976, 13, 155–170. [CrossRef]
37. Gao, Z.; Wang, H.; Song, C.; Luo, K.; Fan, J. Real-fluid effects on laminar diffusion and premixed hydrothermal flames. J. Supercrit.

2019, 153, 104566. [CrossRef]
38. Kim, T.; Kim, Y.; Kim, S.K. Numerical analysis of gaseous hydrogen/liquid oxygen flamelet at supercritical pressures. Int. J.

Hydrogen Energy 2011, 36, 6303–6316. [CrossRef]
39. Guven, U.; Ribert, G. Impact of non-ideal transport modeling on supercritical flow simulation. Proc. Combust. Inst. 2019,

37, 3255–3262. [CrossRef]
40. Yao, M.X.; Hickey, J.P.; Ma, P.C.; Ihme, M. Molecular diffusion and phase stability in high-pressure combustion. Combust. Flame

2019, 210, 302–314. [CrossRef]
41. Peng, D.; Robinson, D. New Two-Constant Equation of State. Ind. Eng. Chem. Res. 1976, 15, 59–64. . [CrossRef]
42. Reid, R.C.; Prausnitz, J.M.; Poling, B.E. The Properties of Gases and Liquids, 4th ed.; McGraw Hill: New York, NY, USA, 1987.
43. Mallard, G.; Linstrom, P. NIST Chemistry WebBook, NIST Standard Reference Database Number 69. 1998. Available online:

https://webbook.nist.gov/chemistry/ (accessed on 14 January 2023).
44. Chung, T.H.; Ajlan, M.; Lee, L.; Starling, K. Generalized multiparameter correlation for nonpolar and polar fluid transport

properties. Ind. Eng. Chem. Res. 1988, 27, 671–679. [CrossRef]

http://dx.doi.org/10.1007/s10494-019-00096-y
http://dx.doi.org/10.1016/j.combustflame.2018.06.016
http://dx.doi.org/10.1016/j.proci.2018.05.105
http://dx.doi.org/10.1016/j.proci.2020.05.051
http://dx.doi.org/10.1016/j.proci.2014.06.072
http://dx.doi.org/10.1016/j.proci.2014.05.155
http://dx.doi.org/10.1016/j.combustflame.2017.11.007
http://dx.doi.org/10.1016/j.combustflame.2018.07.018
http://dx.doi.org/10.1016/j.supflu.2020.104843
http://dx.doi.org/10.1016/j.proci.2022.07.208
http://dx.doi.org/10.1016/j.combustflame.2012.06.017
http://dx.doi.org/10.1016/j.proci.2020.06.206
http://dx.doi.org/10.1016/j.combustflame.2018.09.026
http://dx.doi.org/10.1063/1.4942514
http://dx.doi.org/10.1063/5.0065351
http://dx.doi.org/10.1016/j.proci.2020.06.267
http://dx.doi.org/10.1016/j.combustflame.2021.111428
http://dx.doi.org/10.1016/j.combustflame.2018.07.023
http://dx.doi.org/10.1016/j.proci.2020.06.049
http://dx.doi.org/10.1080/00102207608946733
http://dx.doi.org/10.1016/j.supflu.2019.104566
http://dx.doi.org/10.1016/j.ijhydene.2011.02.043
http://dx.doi.org/10.1016/j.proci.2018.05.013
http://dx.doi.org/10.1016/j.combustflame.2019.08.036
http://dx.doi.org/10.1021/i160057a011
https://webbook.nist.gov/chemistry/
http://dx.doi.org/10.1021/ie00076a024


Energies 2023, 16, 1065 17 of 17

45. Pitsch, H. FlameMaster: A C++ Computer Program for 0D Combustion and 1D Laminar Flame Calculations. 1998. Available
online: https://www.itv.rwth-aachen.de/downloads/flamemaster/ (accessed on 14 January 2023).

46. Gao, Z.; Wang, H.; Luo, K.; Song, C.; Zhao, C.; Xing, J.; Fan, J. Evaluation of real-fluid flamelet/progress variable model for
laminar hydrothermal flames. J. Supercrit. 2019, 143, 232–241. [CrossRef]

47. Pierce, C.; Moin, P. The Progress-Variable Approach for Large Eddy Simulation of Non-Premixed Combustion. J. Fluid Mech.
1999, 504, 73–97. [CrossRef]

48. Peters, N. Laminar diffusion flamelet models in non-premixed turbulent combustion. Prog. Energy Combust. Sci. 1984, 10, 319–339.
[CrossRef]

49. Ihme, M.; Shunn, L.; Zhang, J. Regularization of reaction progress variable for application to flamelet-based combustion models.
J. Comput. Phys. 2012, 231, 7715–7721. [CrossRef]

50. Smagorinsky, J. General circulation experiments with the primitive equations: I. The basic experiment. Mon. Weather Rev. 1963,
1, 99–164. [CrossRef]

51. Regele, J.D.; Knudsen, E.; Pitsch, H.; Blanquart, G. A two-equation model for non-unity Lewis number differential diffusion in
lean premixed laminar flames. Combus. Flame 2013, 160, 240–250. [CrossRef]

52. Abtahizadeh, E.; de Goey, P.; van Oijen, J. Development of a novel flamelet-based model to include preferential diffusion effects
in autoignition of CH4/H2 flames. Combust. Flame 2015, 162, 4358–4369. [CrossRef]

53. Abtahizadeh, E.; de Goey, P.; van Oijen, J. LES of Delft Jet-in-Hot Coflow burner to investigate the effect of preferential diffusion
on autoignition of CH4/H2 flames. Fuel 2017, 191, 36–45. [CrossRef]

54. Weller, H.G.; Tabor, G.; Jasak, H.; Fureby, C. A tensorial approach to computational continuum mechanics using object-oriented
techniques. Comput. Phys. 1998, 12, 620–631. [CrossRef]

55. Wang, X.; Huo, H.; Yang, V. Supercritical Combustion of General Fluids in Laminar Counterflows. In Proceedings of the 51st
AIAA Aerospace Sciences Meeting including the New Horizons Forum and Aerospace Exposition 2013, Grapevine, TX, USA,
7–10 January 2013. [CrossRef]

56. Barlow, R.; Fiechtner, G.; Carter, C.; Chen, J.Y. Experiments on the scalar structure of turbulent CO/H2/N2 jet flames. Combust.
Flame 2000, 120, 549–569. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.itv.rwth-aachen.de/downloads/flamemaster/
http://dx.doi.org/10.1016/j.supflu.2018.08.014
http://dx.doi.org/10.1017/S0022112004008213
http://dx.doi.org/10.1016/0360-1285(84)90114-X
http://dx.doi.org/10.1016/j.jcp.2012.06.029
http://dx.doi.org/10.1175/1520-0493(1963)091<0099:GCEWTP>2.3.CO;2
http://dx.doi.org/10.1016/j.combustflame.2012.10.004
http://dx.doi.org/10.1016/j.combustflame.2015.06.015
http://dx.doi.org/10.1016/j.fuel.2016.11.054
http://dx.doi.org/10.1063/1.168744
http://dx.doi.org/10.2514/6.2013-1165
http://dx.doi.org/10.1016/S0010-2180(99)00126-1

	Introduction
	Numerical Methods
	Real-Fluid Model
	FPV Model

	Experimental and Numerical Setup
	Results and Discussion
	Model Validation
	Flame Structure and Flow Dynamics
	Flame Structure in the Mixture Fraction Space

	Conclusions
	References

