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Abstract 

This study explores hydrogen enrichment's impact on flame behavior and emissions 

in a multi-fuel combustor using validated large eddy simulations. Results show that 

20% hydrogen addition in energy creates a new centerline flame region, increasing 

temperatures in recirculation zones and improving fuel droplet entrainment. Above 

20% hydrogen, the flame splits into two regimes: a lean premixed hydrogen-

dominated branch and a near-stoichiometric, evaporation-controlled, kerosene 

diffusion branch. This separation confines NO formation primarily to kerosene-rich 

zones, while the hydrogen branch produces minimal NO despite contributing to 

substantial heat. Thermal NO dominates in hydrogen-enriched cases, while prompt 

NO prevails in pure kerosene combustion. Hydrogen substantially reduces CO 

emissions, especially with axial air injection that enhances oxidation. These findings 

demonstrate that hydrogen can be used synergistically with kerosene in multi-phase 

multi-fuel combustors to improve overall performance of the next generation of fuel 

agnostic combustion systems. 

 

Numerical and experimental setup and methodology 

This study analyzes the swirl-stabilized, dual-fuel combustor designed for 

technically premixed gaseous fuel and liquid spray showcased in Fig. 1 and 

described in [1]. The hydrogen is being added after the swirler, while the kerosene 

is injected by means of two SIMPLEX-type, full-cone, pressure-swirl atomizers 

directly into the combustion chamber. All the experiments are run at 9 kW and 

nominal equivalence ratio ϕ =  0.4. 

Large eddy simulations (LES) are as well performed to evaluate the effect of 

hydrogen on flame topology and emissions. The domain uses a base grid of 6-10 

million cells with adaptive mesh refinement for temperature and species gradients. 

Minimum cell size is 0.125 mm in flame regions and near walls to maintain 𝑦+<
30. Mesh quality was verified using Pope and Celik criteria [2], and non-reactive 

results were validated previously. Turbulence-chemistry interaction employs the 

artificially thickened flame model with dynamic thickening. To accurately capture 

the dual-fuel flame's mixed regimes, thickening is disabled in diffusion regions using 

the Takeno index Ψ as a marker. This hybrid approach resolves the diffusive flame 

front on the grid without requiring additional refinement for accuracy.  The chemical 

mechanism is a modified Hychem mechanism [3] updated to match ignition delay 

and flame speed data for kerosene-hydrogen mixtures. The NOx sub-mechanism is 

from Glarborg et al. [4]. The final mechanism contains 72 species and 549 reactions, 
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with C11H22 as the surrogate.  

Air and fuel enter at 287 K. SMD at injection is determined from experimental 

correlation, and droplet size distribution uses a Rosin-Rammler function 𝑞 = 3.52 

calibrated against Mie scattering images. The CHT simulations use an external 

ambient temperature of 300 K. Results are validated against NO and CO emissions 

data from an ABB AO2000 analyzer at the chamber outlet. 

Simulations match experimental operating conditions. Five cases are simulated, with 

hydrogen energy fractions from pure kerosene (𝑅ℎ = 0%) to 𝑅ℎ = 50% (~27% by 

mass).  

For an analysis of the individual effect of both fuels, partial mixture fractions 𝑍1 and 

𝑍2 are used to track kerosene and hydrogen streams, respectively, as conducted in 

[5]. In this way, the local hydrogen energy ratio 𝛼𝐻2 is defined using the lower 

heating value 𝐿𝐻𝑉 as: 

 𝛼𝐻2 =
𝑍2LHV𝐻2

𝑍2LHV𝐻2+𝑍1LHV𝑘𝑒𝑟
. (1) 

 

Results 

Hydrogen addition alters the flame topology, even at a low enrichment ratio of 𝑅ℎ =
20% (8.4% by mass). The baseline pure kerosene flame (𝑅ℎ = 0%) exhibits a 

distinct two-lobed structure stabilized roughly above the injectors. In contrast, 

hydrogen enrichment causes these lobes to grow significantly, nearly merging into a 

single, large-scale swirling flame structure. 

This change in flame structure is driven by a multi-step mechanism initiated by the 

gaseous hydrogen. Hydrogen injected through the central duct creates a flame region 

near the centerline. Hot products from this flame are entrained into the primary 

recirculation zones, raising the temperature of the outer recirculation zone up to 200 

K and reducing mean evaporation time by approximately 25%. 

This accelerated evaporation lowers the droplet Stokes number. Increase in hydrogen 

energy ratio results in lowering of the flow rate of kerosene which results in 

worsening atomization on one hand and increased evaporation on the other. Tracking 

droplet size at axial location Z = 25 mm shows that the evaporation effects dominate 

and the Stokes number at this position reduces. As a result, the droplets tend to follow 

the swirling flow better and are entrained in the toroidal recirculation zones, driving 

flame expansion. Conversely, in the pure kerosene case, the droplets require more 

evaporation time and as a result are transported further downstream into the 

combustor under momentum-dominated convective transport producing the  

characteristic narrow, elongated flame lobes.   

Simulations accurately capture NO and CO levels, as presented in Table 1, with 

particularly strong agreement for R50 cases (NO deviates by <1 ppm, CO by <18 

ppm). Hydrogen enrichment at 𝑅ℎ = 20% reduces NO by 60% and CO by 80% 

relative to pure kerosene, due to more uniform temperature fields. Axial air injection 

further reduces CO with negligible NO penalty. These reductions are a consequence 

of different mechanisms. With 𝑅ℎ = 20%, peak radical concentrations (H, OH and 
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O) increase by 8.7-20.5%. Pathway analysis shows a shift from the 𝐶2 pathway 

dominant in pure kerosene toward the 𝐶1 pathway in dual-fuel cases.  

NO formation pathways also shift, as shown in Fig. 1. Prompt NO decreases 

significantly with hydrogen addition, offset by increased contributions from thermal, 

and HNO. The Zeldovich reaction N +  OH ↔  H +  NO dominates across all 

conditions. The thermal pathway's increased relative importance is naturally 

mitigated by more uniform temperatures that prevent hotspot formation. 

In addition, hydrogen promotes a dual-regime structure: a lean, premixed hydrogen 

branch located near the centerline downstream and a near-stoichiometric, kerosene-

dominated diffusion branch near the injectors. This is seen in Fig. 2, in which a 

substantial lean peak in power density is observed, particularly for 𝑅ℎ = 50%, which 

is produced by hydrogen rich areas. This spatial decoupling confines the primary NO 

formation pathways (thermal, prompt, HNO) to the kerosene-rich zones, while the 

hydrogen-rich, lean premixed flame contributes substantial heat release with 

minimal NO production due to lower temperatures and scarce carbon. Because 

combustion is very lean and carbon-limited, thermal and prompt pathways are 

suppressed due to lower temperatures and scarce carbon species. This mechanism 

explains the overall NO reduction observed, particularly for the R50-20 case. 

 
Figure 1. Combustor's geometry (left) and integrated normalized contribution of 

the top 10 reactions (top left) and contribution of the three main pathways (bottom 

right) 

 

Table 1. Relevant parameters for the simulated cases. All emissions data are 

corrected to 15% O2. 

Case Rh AAI SMD ∆P 𝐍𝐎𝐬𝐢𝐦 𝐍𝐎𝐞𝐱𝐩 𝐂𝐎𝐬𝐢𝐦 𝐂𝐎𝐞𝐱𝐩 

% % μm bar ppm ppm ppm ppm 

R0 0 0 26 4.6 5.9 4.5 259.7 471.1 

R20 20 20 29 3.2 2.0 1.2 45.3 43.0 

R50-20 50 20 35 1.8 1.1 1.7 14.4 3.7 

R50-10 50 10 35 1.8 1 0.9 150.8 133.4 
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Figure 2. Power distribution as a function of 𝛼𝐻2 and equivalence ratio ϕγ 

(Cazères [6] definition) for R50-20 (left), R20 (center) and R0 (right) cases. 

Conclusions 

A low amount of hydrogen (𝑅ℎ = 20) is able to alter the flame's topology by 

establishing a flame region closer to the centerline that provokes a modification of 

the droplets dynamics, allowing for better following of the swirling airflow, which 

leads to entrainment into the toroidal recirculation region and expansion of the flame. 

Additionally, hydrogen promotes a dual-regime structure consisting of a lean 

premixed hydrogen branch and a near-stoichiometric kerosene-dominated diffusion 

branch. This contributes to the emission reduction due to the lower temperatures and 

scarce carbon of the lean branch. As hydrogen is added, the prompt and HNO 

pathways decrease in relevance, while the thermal pathway increases. Overall, NO 

and CO emissions are reduced. 

 

References 

[1] Dave, K., Link, S., De Domenico, F., Schrijer, F., Scarano, F., Gangoli Rao, A., 

“Kerosene-H₂ blending effects on flame properties in a multi-fuel combustor”, 

Fuel Communications 23: 100139 (2025). 

[2] Pope, S.B., “Ten questions concerning the large-eddy simulation of turbulent 

flows”, New J. Phys. 6 (1): 35 (2004). 

[3] Wang, H., Xu, R., Wang, K., et al. “A physics-based approach to modeling real-

fuel combustion chemistry – Part I.”, Combust. Flame 193: 502–519 (2018). 

[4] Glarborg, P., Miller, J.A., Ruscic, B., Klippenstein, S.J., “Modeling nitrogen 

chemistry in combustion”, Prog. Energy Combust. Sci. 67: 31–68 (2018). 

[5] Rieth, M., Gruber, A., Hawkes, E.R., Chen, J.H., “Direct numerical simulation 

of low-emission ammonia rich-quench-lean combustion”, Proc. Comb. Inst. 

40 (1–4): 105558 (2024). 

[6] Cazères, Q., “Unifying definition of the local equivalence ratio for complex 

mixtures and the concept of bonding fraction”, Combust. Theory Model. 29 

(2): 177–195 (2025). 


