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Abstract

Supercritical combustion is a promising technique for improving the efficiency and reducing
the emissions of next-generation gas turbines. However, accurately modeling combustion
under these conditions remains a challenge, particularly due to the complexity of chemical
kinetics. This study aims to evaluate the applicability of a reduced global reaction mecha-
nism compared to the detailed Foundational Fuel Chemistry Model 1.0 (FFCM-1) when
performing hydrogen combustion with supercritical carbon dioxide and argon as diluents.
Computational fluid dynamics simulations were conducted in two geometries: a simplified
tube for isolating chemical effects and a combustor with cooling channels for practical
evaluation. The analysis focuses on the evaluation of velocity, temperature, and the water
vapor mass fraction distributions inside the combustion chamber. The results indicate good
agreement between the global and detailed mechanisms, with average relative errors below
2% for supercritical argon and 4% for supercritical carbon dioxide. Both models captured
key combustion behaviors, including buoyancy-driven flame asymmetry caused by the
high density of supercritical fluids. The findings suggest that global chemistry models can
serve as efficient tools for simulating supercritical combustion processes, making them
valuable for the design and optimization of future supercritical gas turbine systems.

Keywords: supercritical combustion; computational fluid dynamics (CFD); detailed
chemistry; supercritical carbon dioxide; supercritical argon

1. Introduction

In the face of escalating environmental concerns, climate change, global warming,
and the unsustainable consumption of fossil fuels have become critical global challenges.
The continued reliance on fossil fuels for energy production has led to rising carbon
dioxide (CO,) emissions, contributing to a greenhouse effect that intensifies global warming.
According to the Glasgow Climate Pact [1], if all currently announced climate pledges are
fully implemented on schedule, global temperature rise could be limited to 1.8 °C by 2100.
However, this still exceeds the Paris Agreement’s target of keeping global temperature
increase well below 2 °C while striving to limit it to 1.5 °C. As a result, achieving rapid
decarbonization is a critical priority for the energy sector, representing the most effective
strategy for significantly reducing global carbon emissions over the next two decades.
To combat this, innovative energy solutions are being explored, including the use of
supercritical cycles and hydrogen combustion [2-8].

Energies 2025, 18, 3380

https://doi.org/10.3390/en18133380


https://doi.org/10.3390/en18133380
https://doi.org/10.3390/en18133380
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0009-0003-4656-1073
https://orcid.org/0000-0002-5810-5062
https://orcid.org/0000-0002-3745-2671
https://orcid.org/0000-0003-0218-9305
https://orcid.org/0000-0002-8984-364X
https://doi.org/10.3390/en18133380
https://www.mdpi.com/article/10.3390/en18133380?type=check_update&version=1

Energies 2025, 18, 3380

20f13

Supercritical cycles, particularly those utilizing supercritical CO;, and argon, offer
a promising pathway for improving the efficiency of energy systems while minimizing
environmental impact. These cycles operate at high temperatures and pressures, achieving
greater thermal efficiency and reducing fuel consumption, which directly translates to lower
emissions [9]. Among combustion-based supercritical CO; (sCO,) power cycles, the Allam—
Fetvedt cycle stands out as one of the most promising [2,3,10]. Operating at pressures
of 300 bar or higher, the conditions within its combustor more closely resemble those of
rocket engines than traditional gas turbine engines. This results in a significantly more
complex combustor design compared to conventional gas turbine cycles, such as those using
natural gas and air. The extremely high pressure, elevated power density, and substantial
CO; dilution notably influence both the combustion process and the combustor’s design.
Consequently, expertise in combustion and combustor design from conventional gas turbine
systems may not directly apply to sCO, cycles. Extensive research has already been
undertaken, and further efforts are essential to advance this technology toward widespread
adoption. Current process modeling indicates that the target efficiencies for systems
powered by natural gas and coal syngas are 59% and 52%, respectively. These values
significantly exceed the efficiencies of conventional Rankine Cycle systems (approximately
35-50%) and traditional simple Brayton Cycle systems (around 30-40%) [9,11]. The turbine
in the Allam cycle operates with an inlet pressure of approximately 300 bar and an inlet
temperature of around 1150 °C. While this inlet temperature is relatively moderate for gas
turbines, the inlet pressure is significantly higher than that of conventional gas turbines,
though not exceptionally high for steam turbines. Consequently, the design of the Allam
cycle turbine must integrate aspects of both gas turbine and steam turbine technologies.
The maximum allowable temperature, limited by nickel-based alloys [12] (approximately
760 °C at the hot end of the regenerator), restricts the turbine outlet temperature. As
a result, the turbine inlet temperature in the Allam cycle ranges between 1100 °C and
1300 °C. Although this is lower than the inlet temperatures of modern gas turbines, blade
cooling technology remains necessary. According to a Toshiba report [13], conventional
gas turbine cooling methods and thermal barrier coatings can be applied to the Allam
cycle. Direct-fired oxy-fuel combustion is an effective heat source for supercritical carbon
dioxide power cycles, offering a promising approach to delivering the required thermal
energy input. This combustion method enables highly efficient power generation while
seamlessly integrating carbon capture, achieving up to 99% CO; capture from the generated
emissions. Since combustion occurs at pressures exceeding 150 bar, the CO; remains at a
high pressure even after expanding through a turbine, making it nearly ready for pipeline
transport. These benefits justify the significant effort invested in developing direct-fired
oxy-combustors [3,14-16].

Supercritical CO, turbines are not widely covered in the literature, particularly when
it comes to technologically mature, operational sCO, turbines. Similar to sCO, turbines,
argon-based gas turbine research in the literature is also extremely scarce. Recent studies
on hydrogen-fueled argon power cycle engines highlight the growing interest in argon-
based applications [17-19]. With regard to the challenges associated with supercritical
gas turbines, with a focus on direct-fired supercritical combustion, maintaining flame
stability is difficult due to the high velocities and density variations of supercritical fluids,
increasing the risk of blowout or flashback, especially with hydrogen fuel. The high-
pressure environment also accelerates combustion kinetics, leading to a higher risk of
knocking or detonation. Efficient fuel injection and mixing are challenging due to the
unique fluid properties of supercritical fluids, requiring advanced injector designs. Heat
transfer management is critical because supercritical fluids exhibit high heat transfer
coefficients, leading to the potential overheating of turbine components.
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The aim of this study is to evaluate the applicability and accuracy of a global chemical
reaction mechanism compared to a detailed chemistry model (Foundational Fuel Chem-
istry Model—FFCM-1) for simulating combustion under supercritical conditions, using
carbon dioxide and argon as working fluids. The work, via providing computational fluid
dynamics (CFD) simulations, enhances our understanding of supercritical combustion,
specifically for its application in next-generation supercritical gas turbines. The novelty lies
in the application of a global reaction mechanism that accurately reproduces the behavior
of detailed kinetic radical-based FFCM-1 mechanisms under supercritical conditions. This
work provides a foundation for accelerating the development and optimization of next-
generation supercritical gas turbines working with supercritical fluids such as sCO;, sAr,
etc., where detailed chemistry is often computationally prohibitive. These systems can work
very efficiently due to the high density of supercritical fluids and reduced compression
work. Additionally, the use of supercritical argon as a working fluid offers new insights into
how alternative inert fluids influence flame shape, temperature fields, and flow behavior.
The study assesses whether the global model can reliably reproduce combustion features
while significantly reducing computational time, thereby offering a practical tool for the
design and optimization of future high-efficiency supercritical gas turbine systems.

2. Materials and Methods
2.1. Study Geometries

Two different geometries were employed to analyze and compare the combustion
behaviour under supercritical conditions. These are illustrated in Figures 1 and 2.
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Figure 1. Simplified tube geometry with injector, with 6 inlets of fuel (orange color) and 6 inlets
of oxidizer.
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Figure 2. Combustor geometry with supercritical fluid cooling tube and injection pattern the same as
that for the tube.

The first geometry (Figure 1) consists of a simplified cylindrical tube used primarily to
compare the performance of the detailed chemical mechanism (FFCM-1) and a reduced
global reaction mechanism. The configuration includes a main combustion chamber with
an axial injection system. Fuel is introduced through a central tube, where pure hydrogen is
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injected. The oxidizer, consisting of oxygen mixed with a supercritical fluid (either carbon
dioxide or argon), is supplied through a surrounding coaxial inlet.

The second geometry (Figure 2) represents a more complex and realistic combustor
design. While the injection system remains similar to that of the simplified tube, with
separate inlets for hydrogen and oxidizer, the configuration includes additional features
such as external cooling channels surrounding the combustion chamber. These channels
circulate supercritical fluid to manage wall temperatures and replicate more accurately the
thermal environment of modern gas turbine combustors.

This two-step geometric approach allows for an isolated analysis of chemical mech-
anism effects in the simple tube and a more integrated evaluation of fluid dynamics and
thermal interactions in a practical combustor setting.

2.2. Models and Boundary Conditions

In the geometry used for this study, combustion stabilization is achieved through a
swirling flow configuration, a widely adopted approach in gas turbine research [20,21].
Cameretti and Tuccillo [20] conducted RANS simulations of combustion in a tubular lean-
premixed combustor using the standard k-¢ turbulence model. Their study demonstrated
the model’s limitations, particularly in predicting Reynolds stresses and flame speeds when
compared with the Reynolds Stress Model. Conversely, Chakchak et al. [21] investigated
diffusion flames under both rich and lean conditions using a combined experimental and
numerical approach, also employing the k-¢ model. Their results showed good agree-
ment between simulation and experimental data. Based on the similarities in the flow
configuration and combustion regime, the k-¢ model was selected in the present study for
turbulence modelling.

Chemical reactions play a central role in determining the flame structure, temperature
distribution, and product species concentrations, all of which directly influence the flow
field within the combustor. Hilbert et al. [22] highlighted the significance of detailed
chemical mechanisms in achieving accurate combustion simulations, noting both the
increased predictive capability and the computational challenges associated with such
models. Similarly, Chen et al. [23] emphasized the role of detailed chemistry in their laminar
combustion study, demonstrating that changes in initial pressure could shift dominant
reaction pathways. The Foundational Fuel Chemistry Model 1.0 (FFCM-1) [24], a detailed
reaction mechanism, has been validated for the accurate prediction of laminar burning
velocities, even under high-pressure conditions and for rare diluents such as argon [25].

Despite their accuracy, detailed chemical mechanisms are associated with high com-
putational costs and potential numerical instability [22]. Therefore, this study compares
two chemical mechanisms: the experimentally validated detailed FFCM-1 mechanism,
consisting of 38 species and 291 reactions, and a global mechanism. For simulations in-
volving argon, the global model employs a single reaction (Hy + 0.50, — H,0O), while for
carbon dioxide environments, a four-step global mechanism is used (H; + 0.50, — HyO;
H,O — H; 4+ 0.50,; CO+ H,O — CO, +Hy; CO,; +H; — CO + HyO), with reaction
constants taken from [26].

The combustion—chemistry interaction was modelled using the Eddy Dissipation
Concept (EDC) for the detailed mechanism and the Eddy Dissipation Model (EDM) for the
global mechanism. Both models provide reasonable agreement with experimental data,
with EDM offering better numerical stability and convergence in simplified scenarios.

Due to the non-ideal behaviour of fluids at supercritical conditions, the ideal gas
law is inadequate [27,28]. Consequently, thermophysical properties were modelled using
the Peng—Robinson equation of state, which has been validated in previous research on
supercritical CO, [29,30].
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Radiative heat transfer was modelled using the Discrete Ordinates (DO) method, while
the absorption coefficient was computed using the Weighted Sum of Gray Gases Model
(WSGGM). These radiation models are well-established and widely used in combustion
simulations. All governing equations and model formulations are documented in the
ANSYS Fluent Theory Guide [31].

Numerical simulations were carried out using ANSYS Fluent 2024 R2 and R1, employ-
ing a pressure-based solver under steady-state assumptions. When studying the chemistry
mechanism effect on combustion, two working fluid were used, i.e., argon (Case #3, 4) and
carbon dioxide (Case #1, 2). The following conditions were applied to the carbon dioxide
configuration: mass flow rate of Hp 0.000333 kg/s; CO, 0.01275; and O, 0.00392 kg/s. Mean-
while, the following conditions were applied for argon: Hp 0.00018 kg/s; Ar 0.01584 kg/s;
and O, 0.00216 kg/s. The effect of the working fluid was further investigated using the
geometry of a realistic combustor (Figure 2) in Case #5, 6 with a mass flow rate of Hp
0.000333 kg/s; O, 0.00225 kg/s; SCF in oxidizer stream 0.014417 kg/s; and cooling SCF
0.03 kg/s. The inlet temperature of all gases was equal to 310 K. Table 1 show cases together
with the most important parameters.

Table 1. Cases studied in this paper including the geometry, mechanism, supercritical fluid and
pressure in the combustion chamber.

Case # Geometry Mechanism SCF Pressure
1 Tube FFCM-1 CO, 110 bar
2 Tube Global CO, 110 bar
3 Tube FFCM-1 Ar 73 bar
4 Tube Global Ar 73 bar
5 Combustor Global CO, 110 bar
6 Combustor Global Ar 110 bar

2.3. Mesh Independence Study

Figure 3 presents a mesh independence study of the velocity and temperature profiles
along the center axis of a simplified tube. The left plot shows the velocity profile, while
the right plot displays the temperature distribution, each evaluated using four different
mesh resolutions: 1 million, 2 million, 3 million, and 4.5 million cells. In the velocity plot,
all meshes capture the general profile, which features a sharp rise, a peak around 0.08 m, a
dip, and a secondary rise further downstream. As the mesh is refined, the curves converge,
with the 3 million and 4.5 million cell results nearly overlapping, indicating that further
mesh refinement has minimal impact on the velocity results.
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Figure 3. Mesh independence study for velocity and temperature along the axis.
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Similarly, the temperature plot reveals a steep increase to a peak near 0.08 m, followed
by a gradual decline. While the 1 million cell mesh overpredicts the peak temperature,
the results from 3 million and 4.5 million cells align closely, showing consistent behavior
throughout the domain.

Overall, the results demonstrate that a mesh with approximately 3 million cells is
sufficient to achieve mesh-independent solutions for both velocity and temperature in
this simulation.

3. Results and Discussion

The results comparing the detailed chemical kinetics model (FFCM-1) with a global
reaction mechanism are presented in Section 3.1. Simulations were conducted using
carbon dioxide and argon as diluent inner gases. To isolate the influence of the chemical
kinetics models, a simplified tube geometry (shown in Figure 1) was employed. This
approach allows a clearer assessment of the chemical model’s impact, independent of the
geometric complexity.

Section 3.2 extends the analysis to simulations performed on a realistic combustor
geometry, depicted in Figure 2. In this case, different supercritical fluids were tested to
evaluate their influence on combustor performance under identical design and operating
conditions. In the real combustor configuration, argon and carbon dioxide serve not only
as diluents in the oxidizer stream but also as coolants. The following sections present and
discuss the corresponding results.

3.1. Comparison of Global and Detailed Chemistry Mechanism for Two Supercritical
Working Fluids

Chemical reaction mechanisms play a fundamental role in combustion processes, as
they dictate the rates of reactant consumption and product formation. These reactions
ultimately determine the concentrations of intermediate and final species, which in turn
influence the flame temperature depending on the dominant reaction pathways. Despite
their importance, the implementation of detailed chemical mechanisms in CFD simulations
remains computationally demanding and complex. Therefore, in this study, the perfor-
mance of a detailed chemical mechanism (FFCM-1) is compared with that of a global
reaction mechanism. As described previously, a simplified tube geometry was employed
to isolate the effects of chemical kinetics without the added complexity of real combustor
geometry. The analysis focused on two primary combustion parameters: velocity and
temperature. These were examined across two or three different cross-sectional planes to
capture the spatial behavior of the flame.

The results indicate that both the global and detailed (FFCM-1) mechanisms produce
qualitatively similar velocity and temperature profiles, regardless of the cross-section.
However, differences between the xz (Figures 4a,c and 5a,d) and yz (Figures 4b,d and 5b,e)
planes are apparent, suggesting some directional dependence during flame development.
The velocity and temperature fields (Figure 4) show the flame bending upward, opposite
to the direction of gravity. This behavior is attributed to buoyancy effects, where lighter,
hotter combustion gases rise while denser, cooler fluids are displaced downward. This
gravitational influence is particularly pronounced when using supercritical fluids, which
have much higher densities than gases under standard conditions. As a result, the effects
of buoyancy are expected to be more significant in supercritical combustion compared to
conventional gaseous combustion.

Temperature profiles (Figure 5) reveal that the flame exhibits asymmetry depending
on the cross-sectional plane observed. This is evident despite the application of sym-
metric boundary conditions, reinforcing the conclusion that gravitational effects induce
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(a) Global chemistry, xz plane (b) Global chemistry, yz plane

asymmetry. In particular, Figure 5b,e show the localized overheating of the tube wall on
one side, while Figure 5c,f highlight clear asymmetric flame structures. Importantly, the
temperature distributions are nearly identical between the global and FFCM-1 mechanisms,

suggesting that for simplified geometries, global models may provide sufficiently accurate

D

thermal predictions.

(b) Global chemistry, yz plane

-

(c) FFCM-1 model, xz plane (d) FFCM-1 model, yz plane
Velocity [m s*-1]
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Figure 4. Velocity profile in a tube using supercritical carbon dioxide as working fluid for the FFCM-1
and global model display on xz and yz cross—section. (a) Global chemistry model on xz cross—
section; (b) Global chemistry model on yz cross—section; (c) FFCM-1 model on yz cross—section;

(d) FFCM-1 model on yz cross—section.

(d) FFCM-1 model, xz plane (e) FFCM-1 model, yz plane (f) xy

Temperature [K]
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Figure 5. Temperature profile in a tube using supercritical carbon dioxide as the working fluid for
the FFCM-1 and global model display on the xz, yz, and xy cross-section plane. (a) Global chemistry
model on xz cross—section plane; (b) Global chemistry model on yz cross—section plane; (c) Global
chemistry model on xy plane; (d) FFCM-1 model on xz cross—section plane; (¢) FFCM-1 model on yz
cross—section plane; (f) FFCM-1 model on xy cross—section plane.

When argon is used as the diluent gas, both the velocity and temperature profiles
exhibit slight differences compared to cases using carbon dioxide. The velocity fields
(Figure 6) appear more ‘compact’ and concentrated near the inlet region, indicating reduced
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axial penetration and the stronger influence of inlet momentum. Despite these differences,
a similar degree of asymmetry, as previously observed with CO,, is also present in the
yz cross-sections (Figure 6b,d), further confirming the role of buoyancy-induced effects
regardless of the diluent used. Quantitative analysis demonstrates a strong correlation
between the global and detailed (FFCM-1) chemical models, with both yielding consistent
results for key flow and thermal characteristics in the presence of argon.

-

(a) Global chemistry, xz plane (b) Global chemistry, yz plane

(c) FFCM-1 model, xz plane (d) FFCM-1 model, yz plane

Velocity [m s*-1]
|y S |
o ¥ ot 2 NP N® DL
Figure 6. Velocity profile in a tube using supercritical argon as the working fluid for the FFCM-1
and global model display on the xz and yz cross—section. (a) Global chemistry model on xz cross—
section; (b) Global chemistry model on yz cross—section; (c) FFCM-1 model on yz cross—section;
(d) FFCM-1 model on yz cross—section.

An analysis of Figure 7a,b reveals a noticeable asymmetry in the flame structure that
is particularly evident in Figure 7c, where the high-temperature region (indicated in red)
is deflected upward. This upward flame orientation highlights the influence of buoyancy
effects. Furthermore, when comparing the temperature contours for argon and CO;, it
is apparent that argon results in less cooling near the top region adjacent to the inlets
(Figure 7c), whereas CO; provides more effective thermal moderation in that area. This
difference can be attributed to the distinct thermophysical properties of the two diluents,
particularly their heat capacities and densities. Overall, the comparison between the FFCM-
1 detailed mechanism and the global chemistry model shows excellent agreement, with
both predicting nearly identical flame shapes and temperature distributions.

To enable a quantitative comparison between the global and detailed chemical mecha-
nisms (FFCM-1), axial profiles of the water mass fraction, velocity, and temperature were
extracted and plotted (Figure 8). For simulations using carbon dioxide, small discrepancies
between the two models are observed near the outlet region, particularly in the water mass
fraction and temperature fields. Despite these differences, the average relative error remains
low, at 3.3% for the HyO mass fraction and 2.8% for temperature. Velocity predictions
show excellent agreement, with an average relative error of only 2.1%. In the case of argon,
the agreement between the global and detailed mechanisms is even stronger. The relative
errors are reduced to 2.0% for the HyO mass fraction, 1.3% for temperature, and only 0.4%
for velocity, indicating that both models provide nearly identical predictions for this diluent.
Across all profiles, a noticeable jump in the parameters near the outlet is observed. This
discontinuity is attributed to buoyancy effects, where gravitational forces act on the denser,
cooler fluid regions, inducing variations in the flow and species distribution that become
more pronounced toward the exit of the domain.
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(a) Global chemistry, xz plane

(d) FFCM-1 model, xz plane
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Figure 7. Temperature profile in a tube using supercritical argon as the working fluid for the FFCM-1
and global model display on the xz, yz, and xy cross—section plane (a) Global chemistry model on
xz cross—section plane; (b) Global chemistry model on yz cross—section plane; (c) Global chemistry
model on xy cross—section plane; (d) FFCM-1 model on xz cross—section plane; (e) FFCM-1 model
on yz cross—section plane; (f) FFCM-1 model on xy cross—section plane.

distance on the axis [mm]

4.0 2500
e FFCM-1 o, e FFCM-1 co, e FFCM-1 co,
——global = 30 global & 2000 global
= o
E 5
220 T 1500
[} o
8 2
B £
1.0 £ 1000
0.0 500
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
distance on the axis [mm] distance on the axis [mm] distance on the axis [mm]
4.0 2500
e FFCM-1 Ar Ar — "
o 36 p— 2000 FFCM-1 Ar
—globa — 3 =
‘\é' ——global ? ——global
= 2
220 T 1500
° 2
] £
>
{ B 1.0 £ 1000
0.0 500
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25

distance on the axis [mm]

distance on the axis [mm]

Figure 8. Graphs comparing water mass fraction—(left), velocity—(middle), and temperature—

(right) along the axis for carbon dioxide—(top), and argon—(bottom) for the FFCM-1 and global
mechanism.

Eventually, the use of the global model allowed for a substantial reduction in com-
putation time compared to the detailed radical-based model, with a reduction ratio of
approximately 5:1.

3.2. Combustion Behaviour in the Real Combustor for Supercritical Carbon Dioxide and Argon

Building upon the simplified geometry analysis, Section 3.2 presents the results of
simulations performed on a realistic combustor geometry (Figure 2). The objective here is
to assess the influence of various supercritical fluids on combustion characteristics under
identical design and operating conditions. In this configuration, both argon and carbon
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dioxide are used as diluents in the oxidizer stream and as coolants for the combustor walls,
reflecting more practical operational scenarios.

Further analysis of the real combustor geometry shows distinct differences in com-
bustion behaviour depending on the working fluid. As shown in Figure 9a,b, the flame
temperature is higher when argon is used as the diluent compared to supercritical carbon
dioxide. This can be attributed to the lower heat capacity of argon, which results in reduced
thermal buffering and consequently higher peak temperatures. Due to the larger diameter
of the combustion chamber compared to the simplified tube geometry, the flame exhibits
a reflective behaviour in which it strikes the upper wall of the chamber. This interaction
creates a recirculation zone near the location where the combustor transitions to a narrower
exhaust tube. Such recirculation leads to the formation of localized hot spots in this corner
region, which could pose a significant risk to the material integrity and durability of the
system during long-term operation. These hot spots can be mitigated by redesigning the
chamber geometry, increasing the diameter to prevent high-temperature regions from reach-
ing the walls, or by reorienting the combustor to the vertical position, allowing buoyancy
forces to aid the upward flow and reduce wall interactions. Velocity profiles further support
these observations. While argon exhibits slightly higher overall velocities, both working
fluids show a characteristic velocity increase near the geometric contraction leading to the
exhaust section. This acceleration is a result of flow constriction and enhanced momentum
near the outlet. The water vapor concentration also varies depending on the working fluid.
With sCO;, the H,O mass fraction is higher near the inlet and tends to rise toward the top
of the combustor, consistent with buoyancy effects. In contrast, for sAr, water vapor is
more uniformly distributed. However, an additional recirculation zone is observed near
the exhaust outlet in the sAr case, where part of the water vapor flow is redirected back
into the combustion chamber. This reverse flow can contribute to flame instability and
unsteady combustion dynamics, raising potential concerns for stable operation.

(a) Temperature profile, CO2 (b) Temperature profile, Ar

O OO O &SSP
BN SR RSN LR R

Temperature K]
| 4

[
(c) Velocity profile, CO2 (d) Velocity profile, Ar
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Figure 9. Cont.
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(e) Water mass fraction, CO: (f) Water mass fraction, Ar
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Figure 9. Combustor geometry cross—section showing (a) Temperature profile for sCO,; (b) Temper-
ature profile for sAr; (c) Velocity profile for sCO,; (d) Velocity profile for sAr; (e) Water mass fraction
profile for sCO,; (f) Water mass fraction profile for sAr.

4. Conclusions

This study evaluated the performance of a detailed chemical mechanism (FFCM-1)
and a global reaction mechanism for hydrogen combustion under supercritical conditions
using two different working fluids: supercritical carbon dioxide and supercritical argon.
Simulations were performed around 1.5 times the critical pressure to assess the model
fidelity and flow behaviour in both simplified and realistic combustor geometries.

The comparison between the global and detailed chemical models demonstrated good
agreement, with average relative errors below 2% for sAr and below 4% for sCO, in key
parameters such as the water vapor mass fraction, temperature, and velocity. This confirms
that for supercritical conditions, the global mechanism, despite its simplicity (four reactions
for CO; and one for Ar), can reproduce results for the detailed model (291 reactions for
Ar) with a significantly reduced computational cost. The computational advantage of the
global model at 5x speed makes it suitable for multivariable optimization iterations such
as combustion chamber shape and injection parameters. These findings suggest that global
mechanisms may be reliably applied to a broader range of supercritical fluids, though
case-specific validation is recommended due to fluid-dependent deviations in accuracy.

A key observation in this study is the substantial impact of buoyancy forces in super-
critical combustion regimes. Unlike conventional combustion, where buoyancy plays a
minor role, supercritical conditions lead to strong gravitational effects due to the higher
fluid densities. This is manifested as upward flame deflection and asymmetric temperature
profiles, even under symmetric boundary conditions.

Furthermore, the study shows that different supercritical fluids can be used as working
media in the same combustor design, although certain operating parameters may need
adjustment to maintain equivalent combustion behaviour. While trends in flow structure,
temperature distribution, and product formation are similar between fluids, differences
in magnitude highlight the importance of tailoring combustor designs to the specific
thermophysical properties of the working fluid.

In conclusion, the use of global reaction mechanisms presents a promising path
for efficient supercritical combustion modelling, and the careful consideration of buoy-
ancy effects and fluid-specific properties is critical for accurate prediction and stable
combustor operation.
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Nomenclature

The following nomenclature are used in this manuscript:

m Mass flow rate, [k—sg}

T Temperature, [K]

w mass fraction, [%] =[]
Subscription

out outlet

H,O water

(O)) oxygen

Abbreviations

CFD Computational Fluid Dynamics
FFCM-1 Foundational Fuel Chemistry Model 1.0
SCF Super Critical Fluid

sAr Superecritical argon

sCO, Supercritical carbon dioxide
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