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ABSTRACT 
Power cycles that use direct fired supercritical oxy-

combustion are attractive for power generation applications 
because of their inherent carbon capture, high efficiency, and 
small machinery footprints. However, the combustion of 
natural gas in carbon dioxide diluent at supercritical 
pressures is unexplored, and combustor designs for these 
conditions are still in early development. Conceptual sizing 
calculations for a direct-fired supercritical oxy-fuel 
combustor are presented to illuminate the factors that control 
combustor volume. Design variables that result in the 
minimum combustor volume based on chemical kinetic 
simulations are summarized.      

INTRODUCTION 
Power cycles that use direct fired supercritical oxy-

combustion are attractive for power generation applications 
because of their inherent carbon capture, high efficiency, 
minimal NOx emissions, and small machinery footprints. 
However, the combustion of natural gas in carbon dioxide 
diluent at supercritical pressures is unexplored. Combustor 
development for direct-fired sCO2 cycles is therefore a novel 
area of research that combines elements from diverse 
combustion applications.  

Extreme pressures and potentially locally high 
temperatures of oxygen-methane flames make aspects of 
sCO2 oxy-combustion similar to the thrust chambers of 
staged combustion liquid rocket engines. However, unlike 
rocket engines, the final exhaust of the combustor is heavily 
diluted with carbon dioxide to manage turbine inlet 
temperatures. This dilution is similar in principle to 
conventional air-breathing gas turbines but with carbon 
dioxide replacing nitrogen as the diluent. This is a crucial 

distinction. Carbon dioxide is chemically active and an 
effective radiator, and its presence in high concentrations 
alters the combustion behavior. Because of these unique 
aspects and the relative newness of the application, 
combustor development for direct-fired sCO2 systems is 
currently a clean sheet process.    

In a project with the Korea Electric Power Research 
Institute (KEPRI) and Hanwha Power Systems, Southwest 
Research Institute is developing a combustor for a direct-
fired 10MWe sCO2 power generation turbine. This paper 
presents the preliminary volumetric sizing of the combustor 
to provide insight into the design process for this new 
application. In particular, the discussion focuses on the 
minimum volume required for chemical reactions to 
complete to a target level of combustion efficiency. The 
results presented here only consider the chemical kinetic 
timescale. Mixing timescales, while important, are not 
considered in these initial calculations.  

  The amount of time that is required to complete 
reactions depends on where and in what ratios the diluent 
process fluid is mixed with the energy-containing fuel and 
oxidizer. Regions that are mostly fuel and oxidizer will be 
very hot and have high reactant concentrations, while regions 
dominated by diluent will experience very slow reactions. 
This distinction is somewhat complicated by the dissociation 
reaction of carbon dioxide into carbon monoxide at high 
temperatures. This backward reaction causes carbon 
monoxide to exist in equilibrium at very hot temperatures, 
and it is necessary to carefully reduce the temperature to 
oxidize this undesirable byproduct into carbon dioxide. The 
initial sizing task is to determine the diluent (process fluid) 
injection profile that results in the smallest combustor 
volume for a given combustion efficiency and pressure.  
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METHODOLOGY 
The model shown in Figure 1 is used to address 

preliminary sizing questions regarding chemical kinetics. 
The combustor is abstracted as a linear series of perfectly 
stirred reactors. An individual perfectly stirred reactor is a 
zero-dimensional approximation that assumes everything 
inside of the combustor is at the same pressure, temperature, 
and composition. Fluid exiting the reactor has the same 
composition and state as the fluid inside the reactor, and a 
steady-state solution is obtained where the energy released in 
the reactor is balanced by the energy sent downstream. 
Where this balance is reached is determined by the volume, 
and therefore residence time, of the reactor. Linking several 
reactors together in a network makes it possible to model a 
real combustor that has many regions that are all at different 
temperatures and compositions. Perfectly stirred reactors 
obviously neglect the time required for mixing, meaning this 
model only addresses the chemical timescale. 

 

Figure 1 Preliminary Analysis Framework 
In this model, a single reactor is used to model the 

primary zone, which is the hottest zone where all of the fuel 
and oxidizer is injected. Primary zones are typically highly 
turbulent and well-mixed and the perfectly stirred reactor is 
thought to be a reasonable approximation of this region for 
preliminary design purposes. The temperature is 
progressively reduced by the injection of diluent in the 
dilution zone. A single perfectly stirred reactor is clearly 
inappropriate for this region, where the composition is 
continuously changing along the length of the flow path. This 
is addressed in this model through discretization – the 
dilution zone is represented by N reactors. Clearly, the true 
physical behavior is recovered as N approaches infinity. 
However, the computational cost of detailed chemical kinetic 
simulations places a practical upper limit on achievable N. 

The model facilitates the determination of two key 
design variables. The first is the bypass fraction or the 
amount of process fluid that is diverted away from the 
primary zone. A higher bypass fraction results in a more 
intense flame and a hotter primary zone. The second is the 
fraction of total combustor volume that is devoted to the 
primary zone (vs. the dilution zone). While the bypassed 
process fluid could be reinserted into the combustor flow in a 
variety of patterns, this model assumes a simple linear profile 
to keep the number of design variables tractable. All of the 
reactors used to model the dilution zone have the same 
volume and same injection of bypass fluid. The number of 
dilution nodes N was initially set to three for computational 

speed. A follow-on study varied N to show the importance of 
this parameter. 

The Python (a freely available programming language) 
interface of the Cantera open-source chemical kinetics 
modeling software was used to implement the model. The 
solver within Cantera is particularly well-suited to solving 
the stiff system of equations that typically arises in kinetic 
simulations whose reactions can span many timescales. In 
addition, Cantera provides out-of-the-box capabilities for 
modeling perfectly stirred reactor networks. The Python 
script wraps the Cantera model in a Brent’s method solver to 
determine the total combustor volume required to satisfy the 
efficiency target for a specified combination of bypass 
fraction and primary volume fraction. 

The results are a direct consequence of the chemical 
mechanism which is the set of reactions used to approximate 
the combustion chemistry. At present, there are no clearly 
validated mechanisms for supercritical oxy-combustion in 
the open literature because of the unique combination of high 
pressure and high dilution. The use of any mechanism here is 
extrapolation and there is considerable uncertainty in the 
results. Multiple mechanisms are employed to provide some 
sense of the possible uncertainty. The first is the USC-II 
mechanism from the University of Southern California that 
SwRI previously found to give decent predictions of high-
pressure shock tube data and high CO2 low-pressure flame 
data (Wang et al., 2007; Coogan et al., 2016). The second is 
the Aramco 1.3 mechanism created by the National 
University of Ireland Galway (Metcalfe et al., 2013). This 
mechanism adjusts some of the reaction rate constants for 
pressures up to 100 atm and is, therefore, considered best by 
the combustion community for modeling high-pressure 
methane combustion. However, the Aramco mechanism 
contains more species and reactions than USC-II and takes 
much longer to solve. 

An ideal gas equation of state is used to model the 
thermodynamic state for the high-pressure, high-temperature 
mixture. This is a limitation of the Cantera software and 
robust real gas equations of state are not available. The ideal 
gas relationship introduces density errors at the pressures of 
interest in this application. Initial simulations neglected this 
error, and while it is worth addressing, it does not affect the 
main conclusions from the studies presented. The final study 
quantifies the effect and presents an updated ideal gas 
modeling approach that eliminates most of the density error. 

RESULTS AND DISCUSSION 

Initial Volume Calculations 
The initial minimum volume calculations were 

performed with three dilution nodes (N = 3) using the USC-II 
and Aramco 1.3 mechanisms with a combustion efficiency 
target of 99.9%. Combustion efficiency in these simulations 
is defined as: 

𝜖 =   (1) 
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This definition is not as exact as one based on sensible 
enthalpy, but it is easier to track within Cantera and gives 
nearly the same result. Combustor volumes were calculated 
for two reference cycles using the fluid compositions and 
operating conditions specified in Tables 1 and 2. Note that 
the combustor exit temperature is relatively low to permit the 
use of an uncooled turbine. Actively cooled turbine 
machinery for supercritical CO2 applications still requires 
maturation.  

Table 1 Fluid Compositions 
Fluid Mole fractions 

Process 0.9001 CO2; 0.0639 Ar; 0.034 N2; 0.002 H2O  

Fuel 
0.9285 CH4; 0.0475 C2H6; 0.015 C3H8;  
0.004 C4H10; 0.0035 iC4H10; 0.0015 N2 

Oxidizer 0.950 O2; 0.017 N2; 0.033 Ar 

 

Table 2 Combustor Operating Conditions 

Property Cycle 1 Cycle 2 

Combustor exit pressure, bara 250.0 300.0 

Combustor exit temperature, °C 700.8 720.0 

Process fluid temperature at 
combustor inlet, °C 

437.7 455.9 

Fuel temperature, °C 135.0 135.0 

Oxidizer temperature, °C 135.0 135.0 

Non-dimensional volumes for Cycle 1, the 250 bar 
reference cycle, are given in Table 3 and Table 4 for Aramco 
and USC-II, respectively. The same information is then given 
for Cycle 2, the 300 bar reference cycle, in Table 5 and Table 
6. Note that all volume results in this paper are normalized 
by the initial Aramco 1.3 minimum volume prediction for 
cycle 1 with 99.9% efficiency. This normalization makes it 
easy to track the overall volume changes with design and 
modeling improvements. 

The design variables that result in the minimum volume 
are consistent across the cycles and mechanisms. A bypass 
mass fraction of 80% and a primary zone volume fraction of 
30% consistently give the smallest volume (these results are 
bolded in the tables). However, even the smallest combustor 
volumes were observed to be large, particularly when 
compared against small sCO2 turbomachinery. The Aramco 
mechanism predicts larger volumes than the USC-II 
mechanism, and cycle 1 requires more volume than cycle 2. 
The reduced volume for cycle 2 is a consequence of the 
higher pressure that causes higher concentrations and faster 
reactions. 

The wide variation in predictions depending on 
mechanism underscores the uncertainty in design 
calculations until an experimentally validated mechanism is 
available. The Aramco mechanism should be used for 
reference in the meantime because of its more conservative 
predictions and its more in-depth treatment of high-pressure 
effects. 

Table 3 Non-dimensional Combustor Volume for 
Cycle 1 with 99.9% Efficiency, Aramco 1.3 

Bypass 
Mass 

Fraction 

Primary Zone Volume Fraction 

1% 10% 30% 50% 70% 90% 99% 

0% 49.0 43.7 49.4 65.3 101 265 1559 
20% 31.6 28.4 30.2 39.0 58.8 139 606 
40% 18.4 13.9 14.1 17.5 22.9 48.2 208 
60% 7.25 4.51 4.31 5.29 7.25 15.1 66.5 
80% 1.92 1.27 1.00 1.22 1.31 3.53 6.47 
90% 1.78 1.92 2.16 3.14 5.69 17.3 42.8 

Table 4 Non-dimensional Combustor Volume for 
Cycle 1 with 99.9% Efficiency, USC-II 

Bypass 
Mass 

Fraction 

Primary Zone Volume Fraction 

1% 10% 30% 50% 70% 90% 99% 

0% 59.8 38.4 38.4 46.9 70.2 160 986 
20% 33.7 23.1 22.8 27.3 35.3 83.3 400 
40% 15.5 9.61 8.43 9.80 12.9 26.3 109 
60% 3.73 2.35 1.96 2.35 3.14 6.08 19.2 
80% 1.51 0.49 0.35 0.41 0.53 1.00 7.84 
90% 0.76 0.73 0.88 1.10 1.90 6.27 60.4 

 

Table 5 Non-dimensional Combustor Volume for 
Cycle 2 with 99.9% Efficiency, Aramco 1.3 

Bypass 
Mass 

Fraction 

Primary Zone Volume Fraction 

1% 10% 30% 50% 70% 90% 99% 

0% 33.1 29.0 35.3 41.4 68.4 175 1218 
20% 20.8 19.2 19.8 27.3 38.0 96.3 506 
40% 12.4 9.22 9.61 11.2 16.3 33.3 151.4 
60% 4.51 3.53 3.33 3.73 4.71 10.8 38.8 
80% 1.31 0.75 0.71 0.80 1.06 3.14 29.6 
90% 1.20 1.25 1.41 2.16 3.73 10.2 120 

Table 6 Non-dimensional Combustor Volume for 
Cycle 2 with 99.9% Efficiency, USC-II 

Bypass 
Mass 

Fraction 

Primary Zone Volume Fraction 

1% 10% 30% 50% 70% 90% 99% 

0% 155 58.8 52.4 57.3 84.9 166 941 
20% 51.8 24.1 20.4 23.3 29.6 64.5 80.2 
40% 13.5 6.08 5.69 6.08 8.24 17.5 66.3 
60% 2.16 1.43 1.27 1.29 1.88 2.94 10.0 
80% 0.69 0.24 0.20 0.22 0.31 0.75 7.25 
90% 0.35 0.35 0.51 0.61 1.04 3.53 34.5 

Volume Reduction Approaches 
The initial volume predictions were found to be large 

and undesirable for packaging arrangements and for 
manufacturing costs. This prompted consideration of the 
primary drivers behind the large volume requirement and 
what might be changed in the design to mitigate these 
effects. Three causal factors were identified: the very high 
combustion efficiency, the slow oxidation of carbon 
monoxide in a carbon dioxide environment, and modeling 
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errors caused by poor discretization. Mitigations for each of 
these factors are described below. 

Reduced Combustion Efficiency 
The rate of chemical reactions decays as the reactant 

populations are consumed, and it is intuitive that 100% 
combustion efficiency requires an infinite residence time and 
therefore an infinite volume. This results in a divergence of 
volume as the combustion efficiency approaches the 100% 
limit, a result that is clearly visible in the Cycle 1 results 
shown in Figure 2. While a 99.9% efficiency target is 
understandable for a closed-loop system, it requires a 
combustor volume that is 6 times what is required to achieve 
99.5%. Reducing the combustion efficiency target is a direct 
means to reduce combustor volume requirements. Updated 
volume predictions are given in Table 7 through Table 10. 
The results show the expected volume reduction and indicate 
that lower combustion efficiencies need a comparatively 
smaller dilution zone. 

 

Figure 2 Combustor Volume vs. Combustion 
Efficiency for Cycle 1 using USC-II 

Table 7 Non-dimensional Combustor Volume for 
Cycle 1 with 99.5% Efficiency, Aramco 1.3 

Bypass 
Mass 

Fraction 

Primary Zone Volume Fraction 

1% 10% 30% 50% 70% 90% 99% 

0% 22.6 19.0 6.27 26.7 40.4 98.2 518 
20% 14.9 12.4 3.92 16.3 23.1 50.4 186 
40% 8.63 6.27 1.78 6.67 8.63 15.7 42.2 
60% 3.14 1.67 0.43 1.49 1.80 3.14 7.65 
80% 0.75 0.22 0.16 0.16 0.16 0.18 0.20 
90% 0.35 0.22 0.27 0.39 0.65 1.96 19.8 

 

 

 

 

 

Table 8 Non-dimensional Combustor Volume for 
Cycle 1 with 99.5% Efficiency, USC-II 

Bypass 
Mass 

Fraction 

Primary Zone Volume Fraction 

1% 10% 30% 50% 70% 90% 99% 

0% 16.9 13.3 12.9 15.1 20.8 42.8 190 
20% 2.94 8.04 7.65 8.63 11.4 22.8 79.4 
40% 6.86 3.53 2.94 3.14 3.73 6.47 15.5 
60% 3.73 0.63 0.49 0.49 0.55 0.82 1.45 
80% 1.49 0.16 0.06 0.06 0.06 0.08 0.10 
90% 0.76 0.08 0.06 0.08 0.16 0.43 4.31 

 

Table 9 Non-dimensional Combustor Volume for 
Cycle 2 with 99.5% Efficiency, Aramco 1.3 

Bypass 
Mass 

Fraction 

Primary Zone Volume Fraction 

1% 10% 30% 50% 70% 90% 99% 

0% 10.8 9.22 10.2 12.9 4.90 47.5 243 
20% 7.25 6.08 6.47 7.65 11.18 24.1 94.1 
40% 4.12 2.94 2.94 3.14 4.31 7.06 23.1 
60% 1.53 0.86 0.73 0.78 0.98 1.69 4.31 
80% 0.31 0.12 0.10 0.08 0.08 0.10 0.12 
90% 0.16 0.12 0.16 0.24 0.37 1.18 N/A 

Table 10 Non-dimensional Combustor Volume for 
Cycle 2 with 99.5% Efficiency, USC-II 

Bypass 
Mass 

Fraction 

Primary Zone Volume Fraction 

1% 10% 30% 50% 70% 90% 99% 

0% 8.82 6.67 6.67 7.84 10.8 23.3 N/A 
20% 5.88 4.12 3.73 4.31 5.88 11.8 N/A 
40% 3.14 1.65 0.35 1.47 1.78 3.14 7.65 
60% 1.67 0.29 0.06 0.24 0.27 0.39 0.71 
80% 0.69 0.06 0.04 0.02 0.02 0.04 0.04 
90% 0.35 0.04 0.04 0.04 0.08 0.24 2.35 

Excess Oxygen 
The oxidation of carbon monoxide into carbon dioxide 

occurs more slowly in a supercritical oxy-combustor than in 
a conventional air-breathing gas turbine because of the 
scarcity of the oxygen reactant. Air-breathing gas turbines 
universally operate at a globally lean mixture ratio, therefore, 
there is always abundant excess oxygen available in the 
combustor stream. This high concentration of oxygen drives 
rapid oxidation of carbon monoxide. However, an oxy-
combustor that injects oxygen and fuel at stoichiometric 
ratios into a diluent that contains no oxygen experiences the 
opposite effect. Oxygen becomes so rare in the dilution zone 
that carbon monoxide molecules must wait longer to find a 
reaction partner. The reaction rate decreases substantially, 
and very large volumes are needed to complete the burning 
of carbon monoxide for high efficiency. 

The oxy-combustor may be made more similar to an air-
breathing turbine by injecting oxygen in excess of the 
stoichiometric ratio. This causes substantial oxygen to 
remain in the flow stream even after all of the fuel is burned. 
Higher concentration of oxygen drives faster reactions and 
reduces the volume needed for high efficiency. The volume 
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reducing effect is clearly visible in both Cycle 1 and Cycle 2, 
99.9% and 99.5% efficiency, and the Aramco and USC-II 
mechanisms as shown in Figure 3 through Figure 6. Note 
that these simulations inject the excess oxygen (excess 
oxygen fraction of 0.02 means an oxygen flow rate that is 2% 
more than the nominal stoichiometric value) at the injector 
assuming that the excess oxygen is perfectly removed from 
the process fluid before it recycles through the combustor. 
Oxygen that is recycled would also reduce the combustor 
volume, but the exact quantitative relationship is not 
determined here. 

Volume reduction observes a power-law relationship 
such that small additions of excess oxygen cause a drastic 
reduction in volume, but subsequent addition of oxygen 
generates diminishing returns. That being said, the 
simulations demonstrated a continuous reduction in volume 
with up to 10% excess oxygen and no floor was observed. 
This is most easily seen in the logarithmic plots of Figure 4 
and Figure 6, where the data points are continuing to descend 
in a straight line. 

 

Figure 3 Combustor Volume vs. Excess Oxygen for 
Cycle 1, Linear Scale 

 

 

Figure 4 Combustor Volume vs. Excess Oxygen for 
Cycle 1, Logarithmic Scale 

 

Figure 5 Combustor Volume vs. Excess Oxygen for 
Cycle 2, Linear Scale 
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Figure 6 Combustor Volume vs. Excess Oxygen for 
Cycle 2, Logarithmic Scale 

 
The volume versus excess oxygen relationship is readily 

correlated with a power law relationship. These correlations 
can be used to equate the volume reducing effects of excess 
oxygen and reduced combustion efficiency. As shown in 
Table 11, a 99.9% efficient combustor that injects around 2% 
excess oxygen has the same volume as a 99.5% efficient 
combustor that injects no excess oxygen. This relationship 
enables cycle designers to pick the volume reducing option 
that best optimizes the overall cycle efficiency. 

 

Table 11 Equivalence of Excess Oxygen and 
Reduced Efficiency 

Cycle Mechanism 
Excess Oxygen Fraction at 99.9% 

to Match 99.5% Volume 
1 Aramco 1.8% 
1 USC-II 2.2% 
2 Aramco 1.9% 
2 USC-II 2.2% 

 

Improved Discretization 
As described in the methodology, the dilution zone 

experiences large changes in temperature and composition as 
a diluent is injected along its length and as final reactions 
complete. Several subdivisions are necessary to accurately 
capture this region, but only 3 nodes were included in the 
initial simulations to reduce computational complexity and 
enable a large number of studies in a short timeframe. 
However, including too few nodes will cause an over-
prediction of volume. This is because the perfectly stirred 
reactor model assumes the composition in a zone is the same 
as the exit composition. The composition of the fluid at the 
exit of an actual control volume has fewer reactants than at 

its entrance and setting the entire control volume to this 
composition artificially lowers reactant concentration and 
overall reaction rates. This error is reduced as more and more 
nodes are added and the model more closely resembles a 
plug flow simulation. 

The volume reduction from improved discretization is 
shown in Figure 7 for Cycle 2 for both the USC-II and 
Aramco mechanisms. The number of dilution nodes was 
swept from the original 3 up to a maximum of 20. This 
reduces the volume by a factor of ten and is a pronounced 
improvement. Like the excess oxygen, the effect is governed 
by a power-law relationship that gives a straight line in 
logarithmic space. No asymptote is observed up to N = 20, 
therefore, it is reasonable to expect there would be additional 
volume reduction if more nodes could be simulated. 
However, the N = 20 Aramco runs already take multiple days 
to complete and finer discretization was not attempted. 

 

Figure 7 Effect of Dilution Zone Discretization on 
Combustor Volume, Cycle 2 

Finer discretization along the framework of Figure 1 not 
only improves the numerical modeling but also changes the 
dilution design. Injecting diluent at 20 axial locations is 
clearly different than injecting a larger amount of diluent at 
only 3 axial locations. A control study was performed with 
the USC-II mechanism to determine the relative contribution 
of each change. The control model increased the number of 
dilution zone nodes but fixed the diluent injection at the same 
three locations. Thus, in the control model the three dilution 
nodes with injection were separated by volumes that 
transmitted fluid from upstream to downstream without 
adding new diluent, and the total volume between injection 
points was the same as in the original model. The results are 
shown in Figure 8, where “Numerical Refinement Only” 
maintains the diluent at the same three locations, and 
“Numerical + Design Refinement” distributes the diluent 
flow equally to all nodes. It is clear both factors are 
important to reducing the volume and that a more continuous 
dilution provides better performance. 

It is interesting that adjusting the dilution zone 
parameters also enables a reduction in primary zone volume 
(whose relative volume fraction is fixed). This is because the 
axial variation in species captured by the more refined model 
permits faster reactions in the dilution zone, therefore more 
of the overall reaction is accomplished there. 
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Figure 8 Relative Contributions of Numerical and 
Design Refinement, Cycle 2 with the USC-II 

Mechanism 

Compound Effects 
Reduced efficiency, excess oxygen, and improved 

discretization have all been shown to provide large 
reductions in volume when considered individually. This 
prompts the question on if the effects may be stacked to 
provide even greater reductions. The compound effect of 
combining discretization with excess oxygen or 
discretization with reduced efficiency was explored for cycle 
2 with the Aramco mechanism. Note that these simulations 
use an updated model definition to account for real gas 
effects, a topic that will be discussed more in the next 
section. The updated non-dimensional volumes are shown in 
Table 12. The volume reducing effects do, in fact, 
compound, with the best results observed for combining 2% 
excess oxygen with fine discretization. This combination 
results in a total combustor volume that is only 1.7% of the 
original prediction. 

Table 12 Non-Dimensional Volume with Compound 
Effects, Cycle 2 with the Aramco 1.3 Mechanism 

Discretization 
Stoich. 

ε = 99.9% 
2% Excess O2 

ε = 99.9% 
Stoich. 

ε = 99.5% 
N = 3 0.87 0.083 0.109 
N = 9 0.25 0.027 0.041 
N = 18 0.12 0.015 0.024 

The degree of compounding can be quantified with the 
compound effect efficiency that is computed from the 
volumes tabulated above. 

Compound Efficiency =
Reduction 1 ×Reduction 2

Combined Reduction
      (2) 

100% efficiency means that we can simply multiply the 
volume reduction from one effect with the reduction of 
another effect to obtain the combined effect. A value above 
100% indicates synergy – the whole is better than the product 
of the parts. Similarly, a value below 100% indicates that the 
effects do not combine perfectly. Efficiencies range between 
66% and 87%, confirming that the volume reduction effects 
compound reasonably well. 

Table 13 Compound Effect Efficiency, Cycle 2 with 
the Aramco 1.3 Mechanism 

Discretization 
Stoich. 

ε = 99.9% 
2% Excess O2 

ε = 99.9% 
Stoich. 

ε = 99.5% 
N = 3 N/A N/A N/A 
N = 9 N/A 87% 77% 
N = 18 N/A 86% 66% 

Update for Real Gas Effects 
Cantera does not permit modeling with a real gas 

equation of state (a Redlich-Kwong real gas EOS is available 
but not sufficiently implemented for reactor simulations). 
Therefore, the initial simulations used an unaltered ideal gas 
equation of state. This introduces density errors as shown in 
Figure 9. The ideal gas equation predicts densities that are a 
mostly constant 5-7.5% higher than predicted by REFPROP 
for a reference mixture consisting of carbon dioxide, 
methane, oxygen, nitrogen, water, and argon. The over-
prediction is not conservative and results in volume 
predictions that are too small. This arises from two effects. 
First, a higher than actual density generates higher than 
actual reactant concentrations and higher reaction rates. This 
reduces the residence time required to complete all of the 
reactions. Second, the higher than actual density results in 
less volume to accomplish the given residence time. The 
combustor volume is expected to grow once real gas effects 
are modeled. 

 

Figure 9 Ideal Gas Density Errors Compared to 
REFPROP 9.0 (Reference Mixture of 

CO2/CH4/O2/N2/H2O/Ar with Mole Fractions of 
0.8506/0.0157/0.0362/0.0328/0.0019/0.0616) 

The ideal gas error is nearly constant over the combustor 
operating regime. This means that the density error is mostly 
eliminated by simply lowering the set pressure of the 
simulation. The 250 bar real gas is represented as a 235 bar 
ideal gas in Cycle 1, and the 300 bar real gas is represented 
as a 279 bar ideal gas in cycle 2. Note that pressure only 
affects the chemical kinetic simulations indirectly through 
density (concentrations). While there is some direct pressure 
dependency for a small subset of reactions in the Aramco 
mechanism, the last entry for all of these is 100 atm. Any 
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pressure above this last entry will use the same constants, 
and there is no difference between simulating the combustor 
at 279 and 300 bar. 

 

Figure 10 Ideal Gas Density Error is Reduced by 
Lowering the Simulation Pressure 

 
The expected increase in combustor volume is observed 

in an updated cycle 2 simulation. Table 14 shows that 
volume increases by 23% because of combined residence 
time and density effects.  

 
Table 14. Real Gas Effect on Combustor Sizing, 

Cycle 2 with the Aramco Mechanism, 99.9% 
Efficiency, No Excess Oxygen, and 3 Nodes in the 

Dilution Zone 

Model 
Non-Dimensional 

Volume 

Basic Ideal Gas Model 

(P = 300 bara) 
0.71 

Adjusted Ideal Gas Model 

(P = 279 bara) 
0.87 

CONCLUSIONS 
Initial volumetric sizing calculations were performed for 

a direct-fired supercritical CO2 oxy-fuel combustor for use in 
a closed loop cycle. The initial volume predictions were 
observed to be larger than desired because of three effects. 
First, the combustion efficiency target of 99.9% contributed 
to the large volume requirement because of the divergence in 
required residence time as efficiency approaches 100%. 
Second, the carbon dioxide environment results in very slow 
oxidation of carbon monoxide because of the absence of 
oxygen. Third, the initial simulations employed too few 
perfectly stirred reactors to adequately model the dilution 
zone. Volume predictions were substantially reduced by 
lowering efficiency targets, injecting excess oxygen, finely 
discretizing the dilution zone, or some combination of these 
approaches. During these studies the model was observed to 
be sensitive to the chemical mechanism and equation of state 

model. It was determined that real gas effects should be 
incorporated into sizing models. Future experimental work in 
the supercritical regime is planned to resolve the different 
predictions of USC-II, Aramco, and other mechanisms.    

NOMENCLATURE 
ε – Combustion efficiency 
N – Number of dilution nodes in the combustor model 
P – Pressure  
Teq – Equilibrium combustor exit temperature 
Tinit – Combustor inlet temperature mass-averaged over  
          the fuel, oxidizer, and process input streams 
Tout – Actual combustor exit temperature 
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