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Abstract 

In the context of ongoing research on hydrogen-based propulsion systems for low-

emission aviation, this work presents the first experimental results of a novel 

academic non-premixed hydrogen burner, developed within the HESTIA project [1]. 

The burner was tested at the THT Lab of the University of Florence (UNIFI) in a 

reactive single-sector rig equipped with effusion-cooled liners, investigating the 

flame structure and measuring the liner cold side temperature distribution. 

Additional tests were conducted at the Technical University of Munich (TUM) in a 

rectangular chamber without cooled liners, allowing exploration of a wider range of 

operating conditions. Overall, the collected results provide important insight into 

flame behavior and thermal loads, supporting the validation of the burner design. 
 

Introduction and motivation 

The aviation sector is exploring hydrogen as a carbon-free fuel for gas turbines, 

despite challenges related to its high reactivity, such as flashback risk and increased 

thermal loads. Non-premixed, swirl-stabilized combustors represent a promising 

solution, exploiting well-established swirl stabilization to enhance mixing while 

mitigating flashback. In this context, the characterization of flame behavior and 

temperature distribution is essential for reliable combustor design, highlighting the 

need for detailed experimental datasets suitable for numerical validation. Recent 

studies [2] have investigated non-premixed hydrogen flames, introducing a swirl 

component also on the hydrogen line to further enhance the strain and mixing.  

In previous work by the authors [1], the numerical design of a new non-premixed, 

swirl-stabilized hydrogen burner with open geometry was presented, obtaining stable 

operation under representative combustor conditions in terms of equivalence ratio 

and pressure drop. The present study reports the first experimental validation of the 

burner design, with test campaigns conducted at the UNIFI THT Lab and TUM, 

providing insightful results on a novel hydrogen burner integrated into a realistic 

combustion chamber, for which experimental data in the literature remains limited. 
 

Experimental set-up 

The investigated burner, shown in Figure 1a, consists of a triple-swirler coaxial 

injector. Hydrogen is injected through an axial convergent swirler, while two co-

rotating air flows are supplied with radial swirlers. For the final design, a realistic 

effusion cooling system was integrated on the dome, injecting around 20% of the 

primary combustion air (used to compute ϕPZ). The burner was first experimentally 

tested at atmospheric pressure in two single-sector reactive rigs. 
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At the THT Lab in Florence, the 72x74 mm combustion chamber includes two 

effusion cooled liner walls (Fig 1c). The combustion chamber is enclosed within an 

external vessel provided with two optical accesses, on the liner cold side and on the 

flame region, as shown in Figure 1b. A single preheated air stream feeds the test rig 

and splits into four independently controlled paths through calibrated sections. 

Primary air feeds the swirler and dome cooling, while dedicated streams supply liner 

cooling (36% of total air in combustion chamber considering both liners), lateral 

cooling of quartz/igniter regions, and the annular vessel gap.  

Optical diagnostics (Fig. 1b) include OH* chemiluminescence for reaction zone 

visualization and IR thermography on the liner cold side, with in situ calibration with 

thermocouples installed on the liner cold side. Optical access is provided via sapphire 

windows for IR tests and quartz windows for OH* imaging in the flame region.  

 
Figure 1. HESTIA burner and LES results [1] (a), THT test rig and measurement setup (b), THT 

combustion chamber detail (c), and TUM test rig (d). 
 

At TUM, experiments were conducted at atmospheric pressure using a single-burner 

test rig for hydrogen-air flames with thermal powers up to 60 kW, shown in Figure 

1d. The facility consists of an air preheater, a cylindrical impedance tube, and an 

injector module that accommodates the fuel injection ports and instrumentation. The 

burner and effusion cooled dome are mounted in a 71x68 mm combustion chamber. 

Exhaust gases are discharged through a rectangular impedance tube and released via 

the chimney. Optical access to the flame region is provided through a quartz window, 

enabling high-speed imaging of OH* chemiluminescence. 
 

Results 

The numerical design of the burner (see [1] for LES details) is first validated against 

the experimental results. Figure 2 compares the OH* chemiluminescence with the 

LES heat release rate (HRR) integrated along the line of sight. Starting from the 

TUM configuration, with uncooled walls as in the calculation, the simulation 

correctly predicts the typical swirl stabilized flame structure, and the reaction zone 

location, although some OH* signal is observed at the flame root, whereas the 

simulated flame appears completely lifted. Moreover, the HRR peak (LES) is 

slightly upstream of the experimental OH* peak. In the downstream region, 
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discrepancies arise, presumably due to differences between heat release and OH* 

distributions [3]. Including the liners (Fig. 2c, UNIFI), the flame becomes further 

elongated as effusion air further dilutes the reaction zone. 

Figure 2d shows the liner temperature distribution measured at UNIFI. The 

distribution is approximately symmetric and strongly one-dimensional, with a 

temperature peak located where the flame approaches the walls, followed by a 

gradual downstream decrease due to air injection through the liners. The slight 

asymmetry is explained with the interaction of a swirled flow in a square chamber 

with two cooled walls. 

 
Figure 2. LES line-of-sight heat release rate (HRR) at design point (a), comparison with OH* 

chemiluminescence at TUM (b) and UNIFI (c), and liner temperature distribution (masked stripes 

correspond to thermocouple wiring) (d) at design point, DP=4% and ϕPZ=0.6 
 

Looking at the effect of the operating conditions, removing preheating at constant 

equivalence ratio (Fig. 3a-b-c-d) leads to an elongated reaction zone because of the 

lower mixture reactivity. Increasing the equivalence ratio also extends the reaction 

zone due to the larger fuel amount, and increases the flame lift-off because of higher 

hydrogen jet velocity, which enhances the strain rate at the flame base. The flame 

structure remains consistent in TUM tests (Fig. 3f-g), demonstrating stable burner 

behavior and the limited influence of the cooling liners on the flame structure. Under 

richer conditions (Fig. 3h), the flame axial extent increases significantly. 

For a quantitative comparison of liner temperature distributions, axial profiles are 

extracted from the IR tests at UNIFI. Figure 3i highlights the effect of the 

equivalence ratio, showing both the increase in thermal load on the liner and the 

downstream shift of the temperature peak, which corresponds to the region where 

the flame approaches the wall, confirming the increased flame lift- off under richer 

conditions. By scaling the wall temperature with the adiabatic flame temperature, the 

overall effectiveness, η is evaluated, defined as 𝜂𝑜𝑣 𝑃𝑍 =
𝑇𝑓𝑙𝑎𝑚𝑒 𝑃𝑍−𝑇𝑤𝑎𝑙𝑙

𝑇𝑓𝑙𝑎𝑚𝑒 𝑃𝑍−𝑇𝑐𝑜𝑜𝑙
. Profiles 

presented in Figure 3j show that, in the upstream region, although the wall 

temperature increases with ϕPZ, overall effectiveness is higher. Further downstream, 

the curves collapse, indicating that in this region the liner maintains its cooling 

performance independently of the flame conditions. Overall, the results show high η 

values, confirming good coverage provided by the liners.  
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Figure 3. Effect of operating conditions on flame structure at UNIFI (a-e) and TUM (f–h), and on 

liner temperature distribution (i), and overall effectiveness (j). 

Conclusions 

A novel hydrogen swirl burner was experimentally investigated at ambient pressure 

to validate the numerical design, which showed good agreement with OH* 

chemiluminescence, capturing flame structure and lift-off. Increasing equivalence 

ratio and removing preheating led to a progressive elongation of the reaction zone 

while maintaining a stable topology. IR measurements showed localized thermal 

loads near flame impingement and high cooling effectiveness. The presented work 

also provides an important experimental database for validating numerical 

simulations on an open hydrogen combustor geometry. 
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