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Abstract 

This study investigates spray atomization and droplet evolution in a laboratory-scale 

fuel-flexible low-swirl combustor operated with Jet A1 and HEFA-SAF/Jet A1 blend 

under hydrogen (H2) admixture up to 15%. A systematic shadowgraphy technique 

was used to quantify droplet size distributions, velocities, and Sauter Mean Diameter 

under identical operating conditions. The results indicate that H2 addition has a 

limited impact on atomization behaviour, while the main differences are linked to 

intrinsic fuel properties affecting droplet evaporation and spray dynamics. 

 

Introduction 

Sustainable Aviation Fuels (SAFs) are among the most promising near-term 

solutions for carbon footprint reduction in the aviation sector [1]. In parallel, H2 is 

gaining attention as a cleaner fuel due to its high gravimetric energy density, 

although its use can increase flame temperatures, enhancing thermal NOx formation 

and motivating advanced low-NOx combustor designs [2]. 

The combined adoption of future fuel (SAFs and H2) in novel combustor concepts 

offers a promising pathway toward decarbonised aviation but may also alter fuel 

spray atomization and droplet evaporation. Atomization is influenced by injector 

design, fuel properties such as density, viscosity, surface tension, as well as operating 

conditions. Moreover, poor spray quality can negatively impact ignition stability, 

combustion efficiency, and emissions [3]. Despite their importance, the atomization 

behaviour of alternative aviation fuels remains partially unexplored in literature [4]. 

This work experimentally investigates spray atomization and droplet evolution in a 

lab-scale dual-fuel combustor operated with a hydroprocessed esters and fatty acids 

SAF (HEFA-SAF)/Jet A1 blend and H2 admixture and compared to Jet A1 and H2. 

During a previous experimental campaign conducted under the same operating 

conditions, particulate formation characteristics of the HEFA-SAF/Jet A1 blend 

were investigated. Flame structure and emissions under dual-fuel operation with H2 

admixtures up to 15% were also examined and are reported in [5]. Further 
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investigations with increased H2 content up to 90% are reported in [6]. 

 

Methodology 

The setup consists of an air supply plenum, a combustion chamber with optical 

access (100×100 mm2 cross-section, 460 mm height), and an open exhaust. A fuel-

flexible injector (effective area of 380 mm²) was employed to enable dual-fuel 

operation. The burner operates at a relatively low swirl number (~0.1) to generate 

lean lifted flames stabilized by the outer recirculation zone. Detailed burner and 

injector geometries and key features are reported in [2, 6]. 

Experiments were carried out at a fixed air inlet temperature of 473 K with either Jet 

A1 or HEFA-SAF/Jet A1 (40:60) blend with H2 admixture ranging from 0 to 15% 

on a thermal power basis. The air mass flow rate was maintained at 25.3 g·s-1, with 

a fixed fuel nozzle pressure drop of 3%. The thermal power was kept constant at 31 

kW across all fuel blends. 

The liquid fuel spray was investigated using a shadowgraphy technique. The spray 

was illuminated through a frequency-doubled Nd:YAG pulsed laser (𝜆 = 532 𝑛𝑚) 

with a diffused beam (via a LaVision High Efficiency Diffuser). The droplet is 

detected through a LaVision Imager sCMOS CLHS camera equipped with a Long-

Distance Microscope QM1 for droplet resolution down to 5 m. The imaging 

window covered 3×3.75 mm2. From the combustor centerline, four radial positions 

were investigated immediately above the nozzle (𝑧 = 0 𝑚𝑚), with spacing of 3.5 

mm, to characterize the primary atomization region. To analyse downstream spray 

development, six additional positions were investigated along the axial direction 

with a 10 mm spacing. At each position, 200 images were acquired with 10 Hz 

frequency. Images were processed with LaVision DaVis (ParticleMaster Shadow) 

for droplet detection and statistics. Experimental conditions are reported in Table 1. 

 
 

Table 1. Operating conditions used in the experiments. 

 

H2 % 

Jet A1 HEFA-SAF/Jet A1 blend (60:40) 

Fuel mass flow 

rate (g·s-1) 

H2 mass flow 

rate (g·s-1) 

Fuel mass flow 

rate (g·s-1) 

H2 mass flow 

rate (g·s-1) 

0 0.72 0 0.69 0 

2.5 0.70 0.006 0.67 0.006 

7.5 0.67 0.019 0.64 0.019 

15 0.61 0.039 0.59 0.039 

 

Results and discussion  

During fuel blending variations from 0 to 15% H2 for both liquid fuels (Jet A1 and 

HEFA-SAF/Jet A1 blend), the flame remained lifted, with a lift-off height of 

approximately 33.6 mm from the burner base (not shown for brevity). The flame 

exhibited a broad distribution with a characteristic “wing-shaped” structure, typical 

of lean, lifted spray flames [2,5,6]. The flame structure showed no significant 
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changes with increase in H2 admixture, likely due to the limited H2 jet penetration. 

Fig. 1a shows the droplet size distributions (DSDs) for pure Jet A1 and HEFA-

SAF/Jet A1 (hereafter referred to as the blend) along radial direction at 𝑧 = 0 mm. 

Near the spray boundary, the DSD shifts toward larger peak diameters, likely due to 

the low droplet density within the interrogation window. In contrast, near the 

prefilmer tip, where the atomization occurs, the peak diameter decreases and the 

distribution appears narrower, while progressively broadening toward the centerline. 

A weak dependence of atomization on operating conditions is also reflected in the 

volume-averaged droplet velocity and Sauter Mean Diameter (SMD) (not shown 

here), with variations within the 95% bootstrap confidence interval. No significant 

differences are observed across H2 conditions for either fuel compared to pure liquid 

fuel cases, as the influence of H2 is expected to be negligible at this early stage of 

atomization.   

Figure 1b shows the DSDs for pure Jet A1 and the blend along the axial direction at 

7 mm from the centerline. The mean droplet diameter decreases with increasing axial 

distance from the nozzle, while the relative population near the distribution peak 

increases. Droplet velocity increases with height above the nozzle, likely due to gas-

phase entrainment and rising temperature, whereas the SMD decreases due to droplet 

evaporation. 

 

 
Figure 1. (a) Evolution of DSDs along radial position at height 𝑧 = 0 mm for pure 

Jet A1 and blend fuels. The legend reports the distance from centerline. (b) 

Evolution of DSDs along axial direction at 7 mm from the centerline for pure Jet 

A1 and blend fuels. The legend reports the height above the nozzle. 

 

In Fig. 2(a, b), Jet A1 exhibits lower SMD values than the blend, except at z = 0 mm 

where both fuels show similar behavior. This is likely because, near the prefilmer 

lip, atomization is mainly controlled by the injector shape and the airflow during 

primary breakup. As the axial distance increases, the differences between Jet A1 and 

the blend, with or without H2 admixture, remain modest. This is likely due to 

differences in fuel properties affecting evaporation and spray dynamics, with 

possible contributions from secondary atomization and differences in volatility. 
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Figure 2. Sauter Mean Diameter (D3,2) evolution along axial direction at 7 mm 

from the centerline for both Jet A1 and blend with (a) 0% H2 and (b) 7.5% H2. 

 

Conclusions 

Spray characteristics of Jet A1 and HEFA-SAF/Jet A1 flames were investigated in a 

fuel-flexible low-swirl combustor with H2 admixing using shadowgraphy technique. 

The results show that H2 addition has a limited effect on spray atomization under the 

investigated conditions. Observed differences between the two liquid fuels are 

primarily attributed to intrinsic fuel properties governing droplet evaporation and 

spray evolution, with potential implications for downstream particulate formation. 

 

Views and opinions expressed are those of the authors only and do not 

necessarily reflect those of the European Union. Neither the European 

Union nor the granting authority can be held responsible for them. 
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