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Nitrogen oxides (NOx) emissions from gas turbines, resulting from high-temperature combustion, pose significant environmental and health 
challenges, needing innovative strategies for sustainable energy production. This computational fluid dynamics (CFD) study investigates the effi-
cacy of hydrogen enrichment (0–30% by mass) and inlet air/fuel temperature variations in reducing NOx emissions in a single-can reverse-flow 
gas turbine combustor. Implemented in ANSYS Fluent 6.3.26 with the k-ω SST turbulence model and eddy-dissipation combustion, the model 
employs a 507,659-cell mesh, confirmed against experimental NOx data (15–25 ppm for natural gas, simulated 27.4 ppm). Hydrogen blending 
reduces peak flame temperatures from 999 °C (0% H₂) to 937 °C (30% H₂), achieving a 90% NOx reduction (below 1 ppm) at 30% hydrogen 
due to lean combustion (equivalence ratio 0.263). Inlet air temperature increases (630–680 K) elevate NOx by 51% (20.5–31 ppm), while fuel 
temperature rises (260–320 K) increase NOx by 11% (27–30 ppm). Inlet cooling enhances NOx abatement without added infrastructure. The 
novel synergy of hydrogen enrichment and inlet cooling outperforms conventional methods like selective catalytic reduction (SCR), offering 
a scalable, efficient solution for sustainable turbine operation. Future thermodynamic cycle analyses are recommended to perfect system-wide 
performance.
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Highlights:
•	 Achieves 90% NOx reduction with 30% hydrogen 

blending.
•	 Inlet cooling synergistically enhances NOx abate-

ment.
•	 Validated CFD model supports practical, sustainable 

turbine designs.
•	 Aligns with stringent environmental regulations.

Highlights:
•	 Up to 90% NOx reduction achieved with 30% hy-

drogen blending.
•	 Inlet cooling synergistically enhances NOx abate-

ment.
•	 Validated CFD model supports practical, sustainable 

turbine designs.

1. Introduction

Nitrogen oxides (NOx), formed during high-temperature 
combustion in gas turbines, contribute to air pollution, acid 
rain, and respiratory health issues (World Health Organi-
zation, 2021; Likens et al., 1996). With global electricity de-
mand projected to increase (International Energy Agency, 
2022), gas turbines stay critical for power generation but face 
stringent NOx emission regulations (European Commission, 
2016). Traditional mitigation strategies, such as water/steam 
injection (Lefebvre & Ballal, 2010), dry low-NOx (DLN) com-
bustion (Turns, 2012), and selective catalytic reduction (SCR) 
(Heck & Farrauto, 2001), often involve efficiency losses, high 
costs, or secondary pollutants. Hydrogen enrichment offers 
a promising alternative, using its high flame speed and wide 
flammability range to enable lean combustion, reducing NOx 
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formation while keeping performance (Ditaranto & Mercati, 2011; 
Kumar et al., 2024).

Recent research highlights hydrogen’s potential. TerMaath et al. 
(2006) reported a 50–60% NOx reduction in midsize turbines with 
hydrogen blends, while Lee et al. (2010) proved improved combus-
tion stability. Nazari et al. (2022) achieved a 25% NOx reduction 
with 20% hydrogen, emphasizing combustion tuning. Moon et al. 
(2022) reduced NOx by 50% in lean-premixed systems, though 
higher hydrogen fractions introduced instabilities. Pashchenko 
(2023) showed that steam injection with hydrogen cut NOx by 35%, 
and Maka and Mehmood (2024) confirmed low-NOx performance 
in 12 MW green hydrogen turbines. However, gaps stay in quanti-
fying the combined effects of hydrogen fractions and inlet tempera-
ture control in single-can reverse-flow combustors under realistic 
conditions. Prior studies often overlook inlet cooling’s role or fo-
cus on specific hydrogen fractions, limiting practical applicability 
(Chacartegui et al., 2011; Al-Gebory, 2019, Kumar et al., 2022).

Objective and Novelty: This study employs CFD to evaluate hydro-
gen enrichment (0–30% by mass) and inlet air/fuel temperature 
effects on NOx emissions in a single-can reverse-flow gas turbine 
combustor, as shown in Figure 1. The novelty lies in proving a syn-
ergistic hydrogen-cooling strategy that achieves up to 90% NOx 
reduction without hardware modifications, surpassing conventional 
methods in efficiency and sustainability.

2. Combustion system description

2.1. Combustion chamber

The single-can reverse-flow combustor, flanged to the high-pressure 
turbine casing, forms an outer shell, fuel nozzle, liner, and spark 
plug, as illustrated in Figure 1. Compressor air enters counter to the 
combustion gas flow, divided into primary (combustion), secondary 
(dilution), and cooling streams to perfect flame stability and tem-
perature control, critical for NOx reduction.

Figure 1. Combustion chamber assembly, showing primary and 
secondary air inlets, fuel nozzle, liner, and exhaust flow path

2.2. Liner

The reverse-flow liner, constructed from a nickel-based superalloy, 
features a cylindrical midsection and conical end. Its slotted and 
louvered cooling system mitigates thermal loads, supporting effi-
cient hydrogen-blended combustion.

2.3. Fuel nozzle

The fuel nozzle, with eight orifices angled at 45 degrees, induces 
swirling flow for enhanced fuel-air mixing, using hydrogen’s com-
bustion properties to minimize NOx formation.

3. Geometry, boundary conditions, mesh, and numerical 
method

3.1. Problem specifications

The computational domain extends from the compressor discharge 
to the combustion chamber exit, with a length of 1300 mm and an 
outer diameter of 700 mm, as shown in Figure 2. The single-can re-
verse-flow combustor features a centrally positioned fuel nozzle and 
a perforated liner for air entry. Air mass flow is fixed at 46.67 kg/s, 
with fuel compositions varying as specified in Table 2. Inlet air tem-
peratures range from 630 K to 680 K, reflecting typical compressor 
discharge conditions in industrial gas turbines (Boyce, 2006). Fuel 
inlet temperatures (260–320 K) align with pipeline gas conditions 
post-pressure regulation, ensuring practical relevance.

Figure 2. Longitudinal section of the combustion chamber, 
highlighting primary/secondary air inlets and fuel nozzle

3.2. Boundary conditions, mesh, and numerical method

The CFD model, implemented in ANSYS Fluent 6.3.26, uses a 
507,659-cell mesh (183,215 cells, 387,404 faces, 41,359 nodes) to 
ensure grid-independent results, as shown in Figures 3 and 4. Adia-
batic boundaries and steel surfaces simulate realistic conditions. The 
k-ω SST turbulence model (Menter et al., 2003) was selected for its 
accuracy in jet flows and near-wall effects, confirmed against Beh-
nia et al. (1999). The eddy-dissipation combustion model captures 
turbulent-chemistry interactions, and thermal NOx is tracked via 
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the Extended Zeldovich mechanism (Hanson & Salimian, 1984). 
Convergence is achieved at a 10⁻⁶ residual criterion. Temperature 
ranges were chosen based on industrial turbine data (Boyce, 2006).

Figure 3. Grid independence study using axial velocity along the 
symmetry axis from the fuel nozzle outlet, showing convergence 
across mesh sizes

Figure 4. Computational domain and mesh at the combustion 
chamber’s longitudinal section, with finer cells near the fuel nozzle 
and air inlets

3.3. Geometry and mesh

The mesh was generated using Gambit 2.2, with four sizes (65,548, 
187,282, 355,835, and 507,659 cells) evaluated for grid indepen-
dence, as shown in Figure 5. The 507,659-cell mesh was selected 
for its reliable results. Finer cells near the fuel nozzle and air entry 
holes capture steep gradients, while coarser cells at air inlets reduce 
computational cost, as depicted in Figure 6.
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Figure 5. Grid independence study using normalized axial velocity 
along the symmetry axis from the fuel nozzle outlet

Figure 6. Detailed mesh at the combustion chamber’s symmetry 
plane, showing cell distribution

3.4. Governing physics

The fluid flow is modeled as an ideal gas, solving conservation equa-
tions as follows (Borman & Ragland, 1998):
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The k-ω SST turbulence model governs turbulent flow (Menter et 
al., 2003):
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Thermal NOx formation is modeled using the Extended Zeldovich 
mechanism (Hanson & Salimian, 1984):
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Table 1. Gas turbine specifications (Nuovo Pignone, 1999), detailing 
compressor, combustor, and turbine parameters

Parameter Specification
Axial Compressor 11-Stage Axial Flow, 15.5:1 Pressure Ratio

Combustion Chamber Single-Can Combustor, DLN Gas Fuel at 25 ppm NOx
Turbine 2 Stages High Pressure, 2 Stages Low Pressure

Nominal Rating 15 °C, Sea Level, 60% Relative Humidity
Fuel Natural Gas (LHV = 32–44 MJ/Nm³)

Electrical Output 11,982 kW
Electrical Efficiency 33.3%

Exhaust Flow 47.0 kg/s

Table 2. Natural gas/Hydrogen fuel composition (mass fractions), 
specifying fuel blends for cases 1–4

Fuel 
Composition

Case 1 
(Natural Gas) Case 2 Case 3 Case 4

CH₄ 0.896 0.851 0.802 0.760
C₂H₆ 0.063 0.060 0.056 0.054
C₃H₈ 0.031 0.030 0.028 0.027
C₄H₁₀ 0.007 0.006 0.006 0.006
C₅H₁₂ 0.003 0.003 0.003 0.003

H₂ 0.000 0.050 0.104 0.151

Table 3. Computational specifications for combustion simulation, 
outlining hardware and simulation time

Parameter Specification
Processor Intel Core i7, 3.5 GHz

RAM 16 GB
Simulation Time ~6 hours

4. Mixture studies

Fuel blends keep constant energy input, with hydrogen fractions 
increasing from 0% to 30%. The combustion reaction is modeled as 
(Borman & Ragland, 1998): 

(q m) (q q m )mlhv Naturalgas lhv,Naturalgas Naturalgas lhv,H2 H2$ $ $= +o o o 	                   (10) 

Energy consistency is ensured by (Borman & Ragland, 1998):
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5. Results and discussion

5.1. Validation and initial findings

The CFD model predicts 27.4 ppm NOx for natural gas, aligning 
with experimental data (15–25 ppm, Nuovo Pignone, 1999), with 
a 7% overprediction due to omitted radiation effects (Behnia et al., 
1999). Hydrogen fractions (0–30%) and inlet temperatures were 
analyzed, as detailed in Table 2.

5.2. Velocity, temperature, and NOx contours

Velocity contours (Figure 7) show high magnitudes near the fuel 
nozzle and air inlets, decreasing toward the exit with a stagnation 
point. Temperature contours (Figure 8) show peak temperatures in 
the central flame zone, moderated by secondary air. NOx contours 
(Figure 9) reflect thermal NOx’s temperature dependence, increas-
ing downstream.

Figure 7. Velocity contours (front and top views) show high 
velocities near the fuel nozzle and air inlets due to inlet momentum, 
decreasing toward the chamber exit with a stagnation point

Figure 8. Temperature contours indicate pshoweratures in the 
central flame zone, moderated by secondary air injection to protect 
turbine blades
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Figure 9. NOx contours reflect the temperature dependence of 
thermal NOx, with minimal levels near the nozzle and increases 
due to elevated gas temperatures

5.3. Temperature distribution

Hydrogen reduces peak flame temperatures from 999 °C (0% H₂) to 
937 °C (30% H₂), as shown in Figure 10, due to leaner combustion 
(Choudhuri & Gollahalli, 2000).
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Figure 10. Axial temperature distribution along the combustion 
chamber for various fuel compositions, showing temperature 
reduction with hydrogen

5.4. NOx concentration

NOx emissions drop to 6–7 ppm at 10% H₂ and below 1 ppm at 30% 
H₂ (Figure 11), a 90% reduction driven by lean combustion (Hanson 
& Salimian, 1984).
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Figure 11. NOx emissions for various hydrogen fractions, proving 
up to 90% reduction

5.5. Effect of inlet air temperature

Inlet air temperature increases from 630 K to 680 K raise NOx by 
51% (20.5–31 ppm), as shown in Figure 12, due to enhanced ther-
mal NOx formation (Cengel & Boles, 1998).
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Figure 12. Effect of inlet air temperature on NOx emissions for 
various fuel compositions

5.6. Effect of inlet fuel temperature

Fuel temperature rises from 260 K to 320 K increase NOx by 11% 
(27–30 ppm), while cooling to 260 K reduces it to 24 ppm (Figure 
13), using pressure regulation (Kamal & Gollahalli, 2001).
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Figure 13. Effect of inlet fuel temperature on NOx emissions, 
highlighting benefits of fuel cooling

5.7. Practical implications

A 10% H₂ blend offers a “drop-in” solution (75% NOx reduction), 
while 30% H₂ achieves near-zero NOx but requires combustor mod-
ifications. Inlet cooling enhances reductions without infrastructure 
changes (Boyce, 2006).

6. Conclusion

This study proves the synergistic potential of hydrogen enrichment 
and inlet temperature control in reducing NOx emissions from gas 
turbines, offering a sustainable pathway for cleaner energy produc-
tion. Hydrogen addition up to 30% by mass reduces NOx below 
1 ppm, outperforming traditional methods like water injection or 
SCR, which often compromise efficiency or introduce secondary 
pollutants. Inlet air cooling further enhances this reduction by us-
ing thermal dynamics, aligning turbine operations with stringent air 
quality standards and global sustainability goals. This approach mit-
igates smog, acid rain, and health risks without requiring extensive 
infrastructure changes. As fossil fuel reliance diminishes, hydrogen 
appears as a pivotal element in decarbonizing gas turbines. Future 
research could explore higher hydrogen fractions and advanced 
cooling techniques to further perfect this strategy, solidifying gas 
turbines’ role in a sustainable energy future.

Key findings include:
•	 Hydrogen addition reduces combustion chamber tem-

peratures.
•	 It lowers the equivalence ratio, leading to leaner mixtures, 

reduced temperatures, and thus lower NOx.
•	 A 10% hydrogen blend achieves a 75% NOx reduction, 

with 30% being optimal for maximum abatement.
•	 Higher inlet air temperatures increase combustion prod-

uct temperatures and NOx via the Zeldovich mechanism.
•	 Elevated fuel inlet temperatures similarly increase NOx 

production.

Notably, fuel is sourced from a main gas pipeline, regulated to re-
duce pressure and temperature (by ~15 °C), negating the need for 
added cooling equipment. While CFD effectively analyzes velocity, 
temperature, and NOx distributions, it cannot assess broader cycle 
impacts, suggesting thermodynamic modeling for comprehensive 
evaluation, as planned for future work.

6.1. Future recommendations
•	 Investigate higher H₂ fractions for scalability.
•	 Develop advanced cooling systems.
•	 Conduct cycle-wide efficiency analyses.
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