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Abstract. Some cutting edge technologies for power generation make
use of Supercritical CO2 cycles to improve efficiency and reduce emis-
sions. While all of these technologies are characterized by non-premixed
combustion conditions, premixed flames at very high pressure are an
almost unexplored field, being concerns on their stability a strong limit-
ing factor. In this study, premixed methane flames in a carbon dioxide
atmosphere have been characterized numerically with a one dimensional
detailed chemistry solver. Their distinctive characteristics such as flame
speed and thickness have been determined at pressures from 100 to 300
bar and at varying CO2 concentration levels, as a first, fundamental step
towards the characterization of their stability limits.
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1 Introduction

Combustion in devices such as liquid rocket engines and diesel engines is often
designed to happen at very high pressure to allow the most efficient operation.
Temperature and pressure of the fluids involved can have values which are across
or higher than their critical ones. In this conditions, fluids are in the so called
transcritical or supercritical state, where real gas effects on both mixing and
combustion processes are of significant importance. Real gas effects consist in
abrupt changes of thermodynamic and transport properties such as mixture
density, enthalpy, heat capacity, viscosity and a vanishing surface tension, which
eliminates the liquid-gas sharp interface [35]. Although this might seem to be a
simplification since it removes the need for a two-phase flow treatment, a found-
ing pillar of the standard numerical treatment of fluid flows is taken down: the
equations of state (EOS) for the subcritical state lose their validity at this con-
ditions and need to be modified with the inclusion of real gas effects. Also, real
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gas thermodynamic functions such as enthalpy, heat capacity and acoustic speed,
need to be derived from the new equation of state and transport properties, which
are usually modelled with simple but effective laws (e.g. Sutherland), need a more
accurate modelling that takes into account the effects of inter-molecular forces
[19]. The importance of real gas effects has been underlined in numerous works
[4,5,19,26,32]. For many applications, supercritical combustion happens in the
non-premixed regime. There is a wide range of studies of counterflow diffusion
flames configurations that investigate the laminar non-premixed flame structure
at supercritical conditions. In [19] hydrogen–oxygen diffusion flames are anal-
ysed to determine the effect of parameters such as pressure, strain rate and inlet
temperature on the flame. Extinction limits of the same kind of supercritical
diffusion flames as well as the influence of pressure on the heat release have been
studied in [18]. Hydrocarbons mixtures have been investigated in [36] as well
as the effect of fuel composition in [20]. To improve computational efficiency,
the flamelet method [29,30] is preferred to the direct solution of a conservation
law for each chemical species involved in the combustion process when a time
and length scale separation of turbulence and chemistry can be assumed. With
regards to supercritical combustion, the method has been proven to be valid
in [40] and employed in successive works [19,22]. In [9] the flamelet method is
employed in the development of a model for the simulation of reacting mix-
tures of real gases. In [39] a tabulated method based on the flamelet assumption
is developed for LES applications. Alongside the applications mentioned above
and the big trend in the combustion of hydrogen, interest is growing in the
development of supercritical carbon dioxide (sCO2) combustors, motivated by
the increased heat-to-electricity conversion efficiencies and higher power density
[24] if compared with steam-based power cycles. Dilution of fuel-air mixture by
recirculation of burned gases is also more commonly employed to reduce NOx
emissions, thanks to lower peak combustion temperatures, and to improve flame
stability [21]. A deeper understanding of the dynamics and structure of CO2-
diluted premixed flames at supercritical conditions is therefore of significant
importance for the further development of such technologies. Numerical investi-
gations have been performed on combustors [6] and on jets [8] of methane in a
supercritical CO2 environment. In the context of premixed flames at supercritical
conditions, an important aspect to be investigated are the stability mechanisms
in relation to geometrical and boundary conditions, starting from the considera-
tions of premixed flames at low pressures done in [10] and [38]. Adebiyi et al. [2]
investigated the propagation characteristics of premixed laminar flames in Oxy-
Fuel combustion at supercritical conditions in a CO2-atmosphere, however they
used a single-step Arrhenius-type chemistry. A further application where CO2-
diluted flames can be found is the combustion of biogas obtained from anaer-
obic digestion of organic matter. In this context, there have been many works
[3,7,11,14–17,27], both experimental and numerical, investigating the laminar
flame properties such as flame speed and thickness in CO2-diluted flames with
varying fuel dilution grade, equivalence ratios, unburnt mixture temperature and
pressure conditions. In a recent review of these works [37], the fundamental find-
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ings for laminar flames of methane/air/carbon dioxide and propane/air/carbon
dioxide mixtures are summarized. The pressure conditions examined to date,
however, do not exceed the 10 bar and it might be interesting to investigate the
effects of very high pressure on this kind of flames.

2 Scope of Research

Within this work, numerical calculations of premixed methane flames with var-
ious amounts of CO2 in the premixed mixture, at very high pressures, have
been performed. Starting point will be the calculation of biogas-like mixtures,
for which flame speed, thickness and temperatures will be examined and the
trend by varying CO2-dilution grade will be compared with results obtained at
atmospheric condition. Next, premixed flames of mixtures typical of oxy-fuel
combustion with varying CO2 concentration will be analysed. With regards to
the numerical methods, the influence of the equation of state and of the reaction
mechanism will be investigated. These results should lay the foundations for
a subsequent application to turbulent flows as done in [9,22], where, however,
essentially diffusion flames have been taken into account. An FGM approach [34]
will be developed, for which one-dimensional calculations in the physical space
at various levels of equivalence ratio and/or different temperature of the unburnt
mixture are performed and parametrized as a function of some progress variable
and mixture fraction to generate a lookup table to be used in combination with
CFD solvers.

3 Methodology

The work is carried out with the one dimensional solver CHEM1D [1] where
the underlying ideal gas model has been replaced by a real-gas ansatz allowing
a description of the combustion manifolds consistent with the thermodynamic
model adopted for flow solution. The solver has been extended with the Peng-
Robinson [28] equation of state and the calculations of enthalpy and isobaric
heat capacity have been modified consistently with the new equation of state.
The calculation of transport coefficients (viscosity and thermal conductivity) has
been adapted to high pressure conditions with the introduction of Chung’s rules
for mixtures at high pressure which are, despite the scarceness of experimental
data for the calculation of the correlation coefficients, one of the best analytical
approximations available [31]. The importance of the real gas models (equation of
state, thermodynamics and transport), has been systematically analysed in [13]
for hydrodynamic flames where supercritical water is present. The conclusions
drawn in this work state that the most important modification to the model
is the equation of state, which has a major influence on the flame propagation
speed. A key aspect when dealing with detailed chemistry computations is the
choice of the reaction mechanism. Within this work, the widely used GRI 3.0
reaction mechanism [33] will be compared with the Aramco 2.0 [25] mechanism
as well as with a reduced version of the latter. The first mechanism, comprising
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53 species and 255 reactions, has been extensively validated for the combustion of
hydrocarbons for pressures up to 10 atm but its performance in the high pressure
range is questionable. The Aramco2.0 mechanism comprises 493 species and
2716 reactions and has been validated for methane combustion up to 260 atm.
In [23], the two mechanisms are compared for the prediction of Ignition Delay
Time in CH4/O2/CO2 mixtures at pressures up to 300 atm and Aramco2.0
mechanism seems to yield superior results. In the present context, however, a
major drawback of the Aramco2.0 mechanism is the huge number of species
which are taken into account. In fact, the calculation of mixture averaged critical
properties, needed for both the iterative calculation of density with PR-EOS as
well as for the calculation of transport coefficients, involves repeated double loops
on the species so that the computational time is proportional to the square of
the number of species and the time needed for the calculation of a single flamelet
increases by order of magnitudes when combining the real gas model with this
mechanism. To overcome this limitation, a reduced mechanism targeted to the
present application has been calculated with a computational tool [12] using
the method of Global Pathway Selection to select the most relevant species and
reactions. The resulting mechanism contains 37 species and 223 reactions, and
will be also compared to GRI3.0 and Aramco2.0 mechanisms.

4 Results and Discussion

4.1 Validation at Atmospheric Conditions

CO2-diluted flames have been first analysed at atmospheric conditions in order
to perform comparisons with available experimental data. The composition of the
mixtures is listed in Table 1. The analysis has been restricted to stoichiometric
mixtures. Pressure is set to 1 bar and the temperature of the unburnt mixture
is Tu = 300 K.

Table 1. Unburnt mixture composition (molar fractions)

Fuel Oxidizer

Φ CH4 CO2 N2 O2 Ar

1.0 1.0 0.0 0.781 0.21 0.009

1.0 0.8 0.2 0.781 0.21 0.009

1.0 0.6 0.4 0.781 0.21 0.009

1.0 0.4 0.6 0.781 0.21 0.009

Figure 1a shows the temperature profile along the one dimensional flame,
which is almost identical at this conditions for the three reaction mechanisms.
In Fig. 1b, the laminar flame speed has been compared with experimental data:
a good agreement is achieved and the values calculated in the present work
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Fig. 1. Flamelets at 1 bar, comparison with experiments [3,7,11,15–17,27] extracted
from [37]

lie in the range of experimental results. Figures 1c and 1d show respectively
the variation with CO2 dilution of flame thickness and thermal expansion ratio,
defined as the ratio between unburnt mixture and burnt mixture densities. Lines
do not coincide because of the slightly different pressure in the results from [37],
although the trend is clearly the same. The findings reported in the literature
are here all reproduced, in particular the lower temperature of the flame, lower
speed and higher thickness with the increase in dilution of fuel with CO2 .

4.2 High Pressure

The analysis has been repeated for the mixtures defined in Table 1 at the pres-
sures of 100 and 200 bar, with the different reaction mechanisms and with both
the standard ideal gas model and the real gas formulation.

Figure 2a and 2b show the comparison of the temperature profiles in the phys-
ical space at 200 bar respectively for different reaction mechanisms (Fig. 2a) and
different EOS and transport modelling (Fig. 2b). In Fig. 2a, although the tem-
peratures of reaction products are the same, differences in temperature profiles
can be noticed between the GRI and Aramco mechanisms, as a results of the
higher pressure. For what has been said in the introduction about these mech-
anisms, it could be argued that results obtained with the Aramco mechanisms
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Fig. 2. Flamelets at 200 bar, mixture of Table 1

should be closer to reality. For as much as regards its reduced version, the solu-
tions can hardly be distinguished. Comparisons of flame thickness and speed
between the two mechanisms, which are not shown for brevity, gave the same
result. This confirms that the reduction carried over doesn’t imply a significant
deviation from the full model, at least for the purposes of this study. For this
reason, as discussed in the introduction, the reduced mechanism will be used in
place of the full one and all plots that will be shown in the following sections are
obtained with the reduced Aramco2.0 mechanism. The comparison of the gas
models (Fig. 2b), obtained using the reduced Aramco2.0 mechanism, confirms
the expected deviations from the ideal behaviour, especially in the development
of the temperature field.

Fig. 3. Flamelets at 100 and 200 bar, mixture of Table 1

In Fig. 3, a comparison of flame speed and thickness between the two gas
models is shown. For both models, the same trends of the atmospheric results
are reproduced. As seen in Fig. 2b, the real gas modelling results in a higher
thickness and lower flame speed and differences at this pressure level are not
negligible.
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4.3 Supercritical

Oxy-Fuel flames with various level of CO2 at different pressures have been anal-
ysed. The compositions of the mixtures are listed in Table 2. The temperature
of the unburnt mixture is set to Tu = 300 K and flamelets at a pressure level
of 100, 200 and 300 bar have been calculated. With this mixture composition
and at this conditions, some states of the flame exceed critical values for both
pressure and temperature.

In Fig. 4, the states of the mixture resulting from the calculation of the
flamelet solutions as a function of reduced pressure and reduced temperature
are shown. The grey lines are isolines of compressibility factor Z, where values

Table 2. Unburnt mixture composition (molar fractions)

Fuel Oxidizer

Φ CH4 CO2 O2

1.0 1.0 0.2 0.8

1.0 1.0 0.4 0.6

1.0 1.0 0.6 0.4

1.0 1.0 0.8 0.2

Fig. 4. Flamelets solution in Tr-pr diagram, mixtures of Table 2
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of Z different from one are an indicator of the degree of departure from ideality
of the mixture. We see that the points corresponding to lower temperature val-
ues (unburnt mixture) have compressibility factor values much smaller than one
with pressure and temperature higher than their critical ones. Figure 5 shows
the relevant change in calculated density and thermal conductivity with the
Peng-Robinson EOS and Chung’s rules for transport properties for the mixture
with the highest content of CO2 (XCO2 = 0.8) at the different values of pres-
sure. Values of density are up to two times larger than the corresponding ideal
value, while differences in the values of thermal conductivity are even higher and
we observe slopes changes in the transition from the supercritical to the ideal
behaviour.

Fig. 5. Comparison of ideal and non ideal formulations for mixtures of Table 2

Figure 6 shows the variation of flame speed and thickness for the oxy-fuel
case at varying CO2 concentration levels. While the trend with the increase of
carbon dioxide concentration is once again confirmed, it is interesting to look
closer at the pressure dependency of these results. Points at 200 and 300 bar
are closer to each other than the corresponding points at 100 and 200 bar. The

Fig. 6. Flamelets at 100, 200 and 300 bar, mixtures of Table 2
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pressure dependency of flame thickness is better seen in Fig. 7, where the flame
thickness is shown normalized by the value at 100 bar and as a function of
pressure. We observe that the trend is between 1/p and 1/

√
p and changes with

CO2 concentration. Moreover, the curve for XCO2 = 0.8 seems to be closer to
1/p, which is anomalous if compared with the other curves.

Fig. 7. Normalized flame thickness as a function of pressure

5 Conclusions and Future Works

The calculations performed in this work are a first numerical characterization
with detailed chemistry of premixed flames for the combustion of supercritical
mixtures with high levels of CO2 dilution. The lack of experimental data for
comparison at higher pressures doesn’t allow to draw conclusions on the accu-
racy of calculations, although the high efforts in the accurate modelling suggest
that a certain degree of closeness to reality could be reached. The comparison
between the ideal and the real gas approaches have been shown to underline
the importance of taking into account real gas effects. Reaction mechanisms also
proved to play a very important role. The calculations will be extended to draw
continuous lines at varying pressures and carbon dioxide dilution levels, so that
tendencies which are not clear with a limited number of points can be better
recognized. The one dimensional calculations here performed, also, will be the
base for the construction of manifolds to be used in two and three dimensional
calculations in combination with a CFD solver.
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