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ARTICLE INFO ABSTRACT

Keywords: Hydrogen combustion is emerging as a promising solution for future aircraft engines, offering a shift from fossil
Dual-fuel combustion fuels to sustainable alternatives and the potential for reduced pollutant emissions. While the complete transition
Hydrogen combustion to H, presents a significant challenge due to its low volumetric energy density, limited availability, and

Flame lift-off
Jet in cross-flow
Fuel-flexible combustor

infrastructure and aircraft redesign constraints, fuel-flexible burner technologies that allow H, blending with
Jet-Al offer a viable alternative. These technologies provide additional benefits such as an enhanced stability
range and can contribute to achieving near-term decarbonization goals. This study explores the capabilities
of a novel dual-fuel burner developed as part of the European project FFLECS (Novel Fuel-Flexible ultra-Low
Emissions Combustion systems for Sustainable aviation). Flame stabilization in a lean lifted flame combustor
operating under atmospheric conditions and fueled by Jet-Al and H, is experimentally investigated. A new
fuel-flexible nozzle, based on the “low swirl” lean lifted flame concept, is developed to enable high premixing,
significantly reducing NO, emissions and minimizing flashback risk compared to conventional swirl-stabilized
flames. The H, injection for the investigated nozzle was optimized for part load conditions, but can still be
operated up to 100% H,. The flame shape and lift-off height were studied at elevated air inlet temperature and
H, blending ratios up to 100% of the total thermal power. Moreover, the lean blowout limits remain similar for
H, blending ratios up to 30% across various air inlet temperatures but change significantly at higher blends.
Finally, switching from Jet-Al to H, lowers NO, emission at low air inlet temperatures and increases it at
higher temperatures, with a pronounced rise across all air inlet temperatures at blends above 75% H, under
elevated specific thermal power. In contrast, the NO, emissions remain consistently very low at low specific
power close to the lean blowout limit. Additionally, even a modest H, fuel split of 15% significantly reduces
CO emissions. These findings highlight the potential of H, addition to lean lifted spray flame utilizing Jet-A1l,
facilitating the future development and optimization of fuel-flexible combustors for aircraft engines.

1. Introduction conventional fuels with limited H, injection, can reduce local pollu-
tant emissions near airports and lower overall CO, across the flights,

Hydrogen (H,) has emerged as a promising candidate for future without restricting flight range. Their ability to operate on both H,
air transportation, attracting attention for its high energy density per and conventional fuel makes them an attractive approach for faster
unit mass and its ability to produce zero carbon emissions [1]. Nev- deployment. However, due to the differences in the physical properties

ertheless, the adoption of H, as an aviation fuel has faced significant
limitations, primarily due to its low volumetric energy density, storage
and handling challenges, infrastructure constraints, and the need for
major aircraft design modifications depending on flight range. These
challenges make it unlikely that H, will see widespread use in aviation
before the end of this decade [2-4].

Fuel-flexible systems provide a practical route to integrate H, into
aviation without full aircraft redesign [5]. These systems, utilizing challenge.

of H,-rich fuel mixtures compared to aviation fuel, well-established
combustion systems cannot be directly applied for low NO, and stable
combustion. The increased fuel reactivity and higher flame speed of
H, can significantly alter flame anchoring position and, in extreme
cases, lead to flashback [6]. Hence, designing a flashback-proof and
low emissions combustor for dual fuel mixture remains a significant
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To prevent flashback and maintain low emissions, innovative fuel
nozzle designs, such as micro-mix, have been proposed by Funke
et al. [7], where the fuel gets injected in jet in cross-flow configu-
ration into the air through small air guiding panel structures. The
fuel injection through multiple miniaturized fuel jets results in the
formation of micro flames, producing low NO, emissions and providing
inherent safety against flashback. By employing a micro-mixing fuel in-
jection strategy for H,, rapid mixing is achieved alongside the inherent
flexibility needed to support various staging, dilution, and dual-fuel
configurations in next-generation gas turbine engines [8]. Moreover,
the high diffusivity of H, jet is expected to have a substantial impact on
the mixing process [9]. Chen et al. [10] compared swirl and non-swirl
micromix combustors, showing that swirl nozzles offer better mixing
uniformity, higher lean blow-off limits, and lower NO emissions than
non-swirl nozzles.

However, more complex architectures involving non-swirled cross-
flow injections interacting with swirling flows have recently been inves-
tigated [11] as a potential strategy to stabilize H, flames in modern gas
turbines. To accommodate H,-rich combustion, recent designs further
enhance flashback safety by incorporating the non-swirling airflow
along the central axis of the radial swirl generator [12]. Building on
these efforts, Reichel et al. [13] applied axial air injection to create a
plug-flow like velocity profile at the nozzle exit to eliminate flashback
in a H, fueled swirl-stabilized combustor.

Several experimental [14-19] and theoretical [20-22] investiga-
tions have contributed significantly towards the dual fuel operation
of H, and conventional aviation fuels. Notably, Hiroyasu et al. [14]
conducted the pioneering experimental study covering the full range
of H,—kerosene blends (0-100% H,). Their work demonstrated how
variations in H, concentration influence flame stability, combustion
efficiency, and pollutant emissions. Similarly, other studies [15-18],
albeit utilizing lower H, blending ratios, have highlighted changes in
the flammability limits, flame structure, and pollutant emission forma-
tion. More recently, Dave et al. [19] presented a unique combustor
capable of operating with 0 to 100% H, fuel split, featuring a centrally
located premixed swirl-stabilized H, flame flanked by kerosene flames.
They observed strong acoustic tonal behavior in pure H, or pure
kerosene modes. However, to the best knowledge of the authors, no
previous studies have explicitly addressed the challenges in achieving
stable combustion ranging from pure aviation fuel to pure H, through
intermediate blends. Moreover, dual-fuel experiments under engine-
relevant conditions are critical for advancing next-generation engine
development.

In this study, the influence of elevated air inlet temperature (Tj;.)
on flame shapes, lean blowout limits (LBO), and pollutant emissions in
the fuel-flexible combustor operating under atmospheric conditions is
investigated. The burner employs Jet-A1 fuel via an atomizer, alongside
H, injected in a jet in cross-flow configuration. Our work uniquely
explores dual-fuel combustion by integrating H, with a lean-lifted
spray Jet-Al flame. It is analyzed how the flame shape changes with
increasing H, concentration at various T;.. Most importantly, the lift-
off heights (LOH) and LBO limits across different fuel mixtures are
compared and safety margins for flame flashback are determined.
Finally, the NO, and CO emissions at elevated T,;, with varying H,
content and two specific thermal powers are analyzed.

2. Experimental setup and measurements
2.1. Combustion facility and operating conditions

Experiments were performed on a laboratory-scale fuel-flexible
combustor, which aims to achieve low NO, emissions when burning H,
and Jet-Al fuels. The snapshot of the combustor is shown in Fig. 1(a).
The setup consists of an air supply plenum, a combustion chamber with
optical access, and an exhaust. The incoming air from the compressor is
preheated up to 670 K with electrical heaters and fed to the air supply
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Fig. 1. (a) Photograph of a lab-scale gas turbine combustion chamber facility
at Karlsruhe Institute of Technology (KIT) and (b) Schematic of the nozzle
cross-section used for the investigation.

plenum, which includes a flow straightener. The combustor has a cross-
sectional area of 100 x 100 mm? and a height of 460 mm, measured
from the burner exit. This chamber is enclosed by quartz glass on all
sides to facilitate optical access for detailed measurements. The exhaust
section is open to the ambient environment, allowing the burned gases
to exit into an extraction unit.

Fig. 1(b) shows the schematic of the investigated burner. The nozzle
for dual-fuel operation is based on the one used by Shamma et al. [23],
a nozzle developed for Jet-Al only operation. The current nozzle
includes two main air supplies (Air vanes 2 and 3) separated by a
prefilmer lip. Only the Air vanes 2 impose a swirl on the flow. An
additional small non-swirled airflow is entering by the Air vanes 1 to
prevent flame flashback near to the nozzle axis. Both Jet-Al and H,
are supplied to the nozzle from the bottom of the burner via a fuel
lance as shown in Fig. 1(b). The fuel lance is water-cooled to maintain
the fuels at room temperature, preventing coking of the Jet-Al. Jet-
Al fuel is injected via a hollow cone atomizer mounted axially in the
burner, characterized by a flow number of 0.74, a bore diameter of
0.35 mm, and a nominal spray inner half-angle of 60°. An airblast
atomization system is employed, wherein the fuel atomization occurs in
two consecutive steps (S1 and S2), as illustrated in Fig. 1(b). In the first
step, the fuel is injected by a pressure atomizer (S1), forming a liquid
film on the prefilmer. In the second step (S2), this film is atomized
within the shear layers generated between the two air streams at the
prefilmer tip. The H, is injected through 12 holes of 0.35 mm diameter
at the outer prefilmer on an annular ring into the air crossflow from the
Air vanes 3. The Air vanes 1 consists of eight straight vanes and the Air
vanes 3 has twelve straight vanes, both with zero trailing angle and zero
swirl number. The Air vanes 2 consists of eight tangentially inclined
vanes and the vane trailing-edges are at an angle of 45 ° relative to the
injector axis. The burner exhibits a relatively low overall swirl number
around 0.1 (no inner recirculation zone targeted), calculated from the
axial and angular momentum contributions of the three Air vanes and
normalized by the burner exit radius [24].

Jet-Al fuel mass flow rate was measured by Coriolis mass flow
meters (Krohne OPTIMASS 3400c), with an accuracy of 0.1% of the
measured value and a maximum flow capacity of 4.72 g/s. H, fuel mass
flow rates are measured by a thermal mass flow controller (Bronkhorst
EL-Flow) with an accuracy of 0.1% of full scale output and an operating
capacity up to 0.68 g/s. The total airflow rate is measured by a thermal
flow meter (Bronkhorst In-Flow) with an accuracy of 0.5% of full
scale output and a maximum flow capacity of 348 g/s. The operating
conditions of the experimental campaign at different arrangements are
illustrated in Table 1.

When blending H, with Jet-Al under constant thermal power (P)
and fixed air mass flow rate (in,;,), the H, fraction in the dual-fuel mix-
ture is defined as: %H, = sy, Qy, / (hy, On, + Myera1 Querar) [14],
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Table 1
Operating conditions of the fuel-flexible combustor considered in this study.
oC # Ty (K) Myea (8/5) thy (8/5) i, (8/5) P (kw) P, (MJ/Kg,;) Ap/P(%) U, (m/s)
1 473 0-0.86 0-0.31 25.3 37.1 1.46 3 75.8
2 573 0-0.78 0-0.28 23 33.8 1.46 3 83.5
3 673 0-0.72 0-0.26 21.2 31.1 1.46 3 90.5
4 573 0-0.55 0-0.20 23 23.6 1.02 3 83.5
where Q denotes the lower heating value, with Oy, = 119.97 MJ/kg 100 ;. Uax/Up (=)
and Qa1 = 43.1 MJ/kg. Here, riny, and rige.o; denotes the mass flow 150
rate of H, and Jet-Al, respectively. For fuel-flexible combustion, the 80
equivalence ratio (¢) is determined as: ¢ = [riger.a1 /M - (1+ )1/ Fgp 4
o o : . ; end 1.25
where a = 1y, [ty and the stoichiometric fuel-air ratio of the -
blend, Fgleng» 18 given by: Fena = 1+ a)/ (l/FJ"et_Al + a/FI:2) [16]. ’E‘ oo
2.2. Measurement techniques £ 40
| =
= 0.75
The side-view OH* chemiluminescence images of the flame are cap- § 20
tured using a high-speed camera (Phantom V1212) coupled with a high- T 0.50
speed intensifier (LaVision HS-IRO). A 100 mm f/2.8 UV lens (Cerco) £ 6
is used along with bandpass filters centered around OH* (Chroma, T 0.25
> 80% in the spectral range between 300 — 340 nm, FWHM 10 nm).
The camera was operated at a sampling frequency of 1 kHz for a total —20 0.00
measurement time of 10 s and a pixel resolution of 1280 x 800. :
For exhaust gas measurements, an active heated probe with a 6 mm —4045 5 5 pef

inner diameter is located 440 mm downstream of the fuel nozzle. The
gas sample is directed through a gas dehydrator to each analyzing mod-
ule under controlled pressure conditions. Advanced Optima exhaust
gas analysis system determines the concentration of O, (ABB Magnos
206), and the concentrations of CO and CO, (ABB Uras 26). For the
determination of NO, (i.e., NO and NO,), an Eco Physics CLD 700 EL
is used. Emission data for each H, content were acquired for 30 s at
1 Hz after reaching steady state.

3. Nozzle concept design

The major design considerations and working principles of the
newly developed fuel-flexible nozzle are explained based on numerical
simulations of the flow and mixing field. A preliminary non-reactive
RANS simulation is performed for H, fuel only, with rry, set to 30%
of the maximum value specified under operating condition 3 in Table
1. The simulation is carried out with the commercial pressure-based
CFD solver ANSYS Fluent 23R2 and the k-w model is adopted for the
turbulence modeling, imposing a constant Schmidt and Prandtl number
of 0.5. Moreover, a mixture-averaged approach is adopted to account
for the fast diffusion of H, in the mixing process.

Fig. 2 shows the axial velocity distribution within the nozzle and
combustion chamber. Of major importance for flame stabilization is
the region near the outer recirculation zone, which is depicted by a
graphical representation. A large lift-off height can be achieved by
minimizing or completely avoiding fuel in the marked region (shown
in white) of low/moderate air velocities in Fig. 2. The lift-off height
is then mainly governed by the mixing process of the hot recirculated
exhaust gases with fresh air and fuel. This principle is important as it
enables a suitable design for the largely different burning velocities of
Jet-Al and H,.

In this configuration of the nozzle, the H, is introduced by 12 H,
jets at the outer sides of the prefilmer. The optimal H, jet in cross-
flow penetration is designed for up to 30% of H, and a momentum
flux ratio J < 7.2 to avoid burnable mixture near to the wall of the
nozzle at the burner exit, thus avoiding a stabilization of the flame
directly at the nozzle exit and enabling a higher lift-off height and
related premixing. The momentum flux ratio is defined as the ratio
between the hydrogen jet and free-stream air momentum fluxes: J =
szqu2 / pair"iir’ where p and u denote the density and velocity of the
respective flows. Most importantly, a large radial jet penetration may

Radial coordinate (mm)

Fig. 2. RANS axial velocity field and schematic of the flame stabilization
mechanism in the fuel-flexible nozzle.
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Fig. 3. RANS H, equivalence ratio (¢) distribution: (a) mid-plane and cross-
sectional views at (b) 10 mm and (c¢) 20 mm above the nozzle exit.

enhance the lean blowout limits, as the outer recirculation zones in
the combustor are essential for the stabilization of such flames. This
improvement, however, comes with the drawback of increased NO,
emissions under part-load conditions. Therefore, using an increased
number of H, injection holes when operating with higher H, content,
could be advantageous in reducing NO, emissions.

The mixing characteristics of air and fuel before combustion play
a crucial role in flame stabilization and pollutant emission formation.
Fig. 3 illustrates the H, equivalence ratio (¢) distribution on the mid-
plane and at two cross-sections, located 10 mm and 20 mm downstream
of the nozzle. The downstream spatial locations of ¢ = 1, 0.5, 0.25
are indicated by three red isolines, which are superimposed on the
mid-plane view, as shown in Fig. 3(a). No burnable mixture reaches
the outer injector wall, proving the flashback safe design for these
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4p/P =3%) and P,,; = 1.46 MJ/kg,,. Equivalence ratios are identical to those shown in Fig. 4.

operating conditions with 30%H, content. The fast mixing achieved
by the jet in cross-flow injection strategy is further supported by the
limited axial extension of the stoichiometric isoline, which does not
reach the burner exit. Despite a certain level of unmixedness still
present at 10 mm plane (Fig. 3b), only mixtures with ¢ < 0.5 are present
at this axial location. Finally, further downstream (Fig. 3c) a leaner and
more uniform equivalence ratio distribution is observed.

Several additional measures were implemented to further minimize
the risk of flame flashback and increase the lift-off height for operation
with higher H, content. This design modification, compared to Shamma
et al. [23], intended for Jet-Al only operation, effectively eliminates
the diffuser at the burner exit, ensuring a more streamlined airflow as
shown in Fig. 2. In addition, turbulence generation within the Air vanes
3 (Fig. 1) was minimized by designing smooth area changes between
vanes, preventing excessively high turbulent burning velocities and
eliminating low air velocity zones in the mixing section of the nozzle.
This change is important for mitigating the risk of flame flashback.
Another feature of the nozzle is that the H, injectors are mounted
perpendicular to the airflow, but are tilted at 55° relative to the
nozzle axis. As a result, higher H, content increases the axial velocity
component and improves the flashback limit. To further decrease the
flashback propensity, an additional non-swirled air inlet was introduced
near the nozzle axis around the atomizer as shown in Fig. 2. This axial
jet decreases the velocity deficit on the center line of the swirling flow
and shifts the region of lower axial velocity downstream within the
combustor.

4. Experimental results and discussions

First, the morphological transitions of flame based on OH* chemilu-
minescence operating from 0 to 100% H, are discussed. Following this,
the LOH and LBO across three different T,;. are analyzed. Finally, the
combustor performance is evaluated under different operating condi-
tions by analyzing the measured NO, and CO emissions.

4.1. Flame shape during fuel-flexible operation

Fig. 4 shows the time-averaged OH* chemiluminescence images of
the different flame shapes observed in the experiments for fuel blends
with H, splits ranging from 0 to 100% at T,;, = 473 K, thermal power
of P = 37.1 kW, and relative pressure drop (4p/P) across nozzle of
3% (see Table 1). The time-averaged OH* chemiluminescence images
are normalized by the maximum OH* value in each case to facilitate
comparison. During pure Jet-Al operation, the high-luminosity reac-
tion zone is distributed over a broad area and located far from the
fuel nozzle (Fig. 4a). It is evident that the flame is lifted, enabling a
certain degree of pre-evaporation and premixing of Jet-Al fuel with
air. At 15%H, fuel split, the flame shape closely resembles that of
the pure Jet-Al case, attributed to the low radial H, jet penetration
(Fig. 4b). However, as the H, content increases, the flame becomes
more compact and shifts closer to the fuel nozzle due to the higher
flame speed and reactivity of H,-rich fuel, as depicted in Fig. 4(c-e).
At 30% H, fuel split, the flame is notably closer to the nozzle exit (Fig.
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Fig. 6. Effect of H, blend on the flame position/lift-off height (LOH) for
different T,;, and P,,. The operating conditions are provided in Table 1.

4c). This behavior reflects that the increased radial H, jet penetration
leads to an accumulation of H, fuel closer to the wall of the fuel nozzle.
Thus, the flame can stabilize more near the burner exit with the help
of the outer recirculation zone.

As the H, content increases to 45%, the reaction region moves
further inward, closer to the nozzle exit (Fig. 4d). Additionally, the
presence of Jet-Al leads to higher heat release intensities over a longer
distance from the fuel nozzle, allowing the flame to maintain a broader
structure. For H, content from 45% to 100%, the flame shape near
the burner exit remains nearly unchanged, while the flame length
consistently decreases as the portion of Jet-Al decreases (intermediate
conditions not shown here for brevity). At 100% H,, the flame exhibits
a highly compact reaction zone, positioned near the burner exit yet
remaining distinctly detached from the burner (Fig. 4e).

Fig. 5 shows the time-averaged OH* chemiluminescence flame
shapes at T,;, = 673 K and ¢ values corresponding to the different fuel
splits are identical to those shown in Fig. 4(a—e). In typical gas turbine
operations, the relative pressure drop remains constant regardless of
changes in T,;,. As a result, higher T;. leads to increased bulk velocities
(Up), as shown in Table 1. This effect is balanced by an elevated laminar
flame speed at higher temperatures. Additionally, the higher air inlet
temperatures influence the degree of pre-evaporation and premixing,
potentially resulting in a more homogeneous fuel-air mixture. Overall,
these factors combine to yield only a slight reduction in the lift-off
height at higher T,;. (Fig. 5a). A significantly more compact reaction
zone can be observed for the pure Jet-Al case at elevated T,;, com-
pared to Fig. 4(a). A further explanation is that the enhanced outer
recirculation zone at elevated T,;, results from the reduced expansion
ratio between fresh and burnt gases, as described by Shamma et al. [23]
for a lean lifted spray flame.

Importantly, the progressive relocation of the reaction zone toward
the fuel nozzle with increasing H, content is more pronounced in
Fig. 5(b—e) compared to the flame shape observed in Fig. 4(b-e). For
instance, at 30% H, content, the high-luminosity reaction zone shifts
closer to the fuel nozzle exit and becomes compact, compared to Fig.
4(c). In the case of pure H, operation, a highly compact reaction zone
is observed (Fig. 5e). Although increasing the fuel split beyond 30%
degrades premixing quality and produces near-stoichiometric pockets
at large radii near the mixing tube exit, the location of the high-
luminosity reaction zone remains unchanged. This invariance likely
reflects the burner design, which promotes a homogeneous and high-
velocity airflow at the burner exit. Additionally, the injection angle of
H, jets enhances the axial velocity component as H, fuel split increases.

4.2. Lift-off height with H, content variation

The flame lift-off height is a crucial parameter for characterizing
flame stability because it governs the degree of fuel-air mixing before
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combustion and serves as a key indicator of pollutant emission perfor-
mance. The lift-off height is defined as the distance from the jet outlet
to the flame base. Here, the lift-off height was determined based on
high-speed OH* chemiluminescence measurements and defined as the
distance from the fuel nozzle exit to the horizontal line upstream of
which 5% of the total chemiluminescence intensity is detected. This
relatively low threshold was chosen to minimize the impact of different
OH* intensities from the Jet-Al and H, flame on the results.

The variation of lift-off height with increasing H, content at specific
thermal powers P, ;| = 1.46 MJ/kgy;; and P, , = 1.02 MJ/Kkg,;, is shown
in Fig. 6. For P, , as the H, concentration increases, the flame lift-
off height significantly decreases for different T,;.. The lift-off height
is at first only slightly reduced for up to 15% H,, which is related to
an increased flame speed by H, addition in combination with a low
radial H, jet penetration. For 30% H, content, the flame is starting to
anchor in the outer recirculation zone near the burner exit. This change
is primarily due to the large radial H, jet penetration, which leads
to a burnable mixture at the outer recirculation zone near the nozzle
exit (see Fig. 4c and 5c¢). For further increasing fuel split, more non-
homogeneous H, fuel concentration is expected, with the radial H, jets
potentially impinging the mixing tube wall near the nozzle exit.

The lift-off height at P,,, (Fig. 6), corresponds to the operating
condition near lean blowout (LBO). For up to 15% H, content, the lift-
off height remains close to that of the P, case at Ty, = 573 K. With
H, content increased up to 45%, the lift-off height remains higher than
at Py, , likely due to weaker radial H, jet penetration at lower thermal
power, which promotes premixing above the burner exit. Beyond 45%
H,, the lift-off height follows a trend similar to that observed at P, ,
likely resulting from poorer fuel homogeneity, as higher H, content
leads to stronger radial jets that accumulate near the mixing tube exit
at larger radii.

4.3. Lean blowout limits during fuel flexible operation

Investigating the relationship between fuel composition and flame
blowout limit is of significant importance in the design of lean com-
bustion burners. Excessively lean combustion can destabilize the flame,
leading to blowout caused by phenomena such as local extinction from
high strain rates. Understanding and controlling this stability range is
vital to ensure safe operation and minimize pollutant emissions. The
lean blowout (LBO) limit is defined as the maximum air-to-fuel ratio at
which combustion can be sustained before flame extinction or blowout,
which determines the minimum fuel flow required for stable operation
under specific conditions. In this experiment, the lean blowout limit of
Jet-Al/H,/air flames was measured by maintaining a constant Uy as
outlined in Table 1, while gradually reducing ¢ until the flame blowout
occurred.

The LBO limits of the low swirling flame at varied H, fuel splits
for three different T,;. are shown in Fig. 7. Error bars represent the
standard deviation in the estimation of the LBO equivalence ratio
(¢1po) across three experimental runs. At T,;, = 473 K, ¢po decreases
significantly from 0.37 (pure Jet-Al) to 0.2 (100% H,). This reduction
becomes more pronounced at higher T;., with ¢; 5o dropping from 0.36
to 0.16 at T;, = 573 K and 0.34 to 0.14 at T;, = 673 K under the same
H, fuel split.

A pure Jet-Al flame exhibits higher ¢y across different 7};. com-
pared to pure H, flames. For H, content up to 30%, the influence
of H, on ¢;po remains relatively consistent across different T,;.. This
behavior likely arises from limited H, jet penetration and the con-
tinued dominance of Jet-Al in the combustion process. However, for
H, contents exceeding 30%, an higher reduction in ¢ is observed
with increase in H, concentrations. This decrease results from the
enhanced reaction rate, greater diffusivity, and higher burning velocity
for H,-enriched flames. A clear divergence in LBO limits emerges across
different T,;.. For H, contents up to 90%, significantly lower values
of ¢;po are observed, whereas pure H, operation results in slightly
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Fig. 7. Effect of H, blend on lean blowout (LBO) limits for different 7,;.
Error bars show the standard deviation of ¢, from three runs. The operating
conditions are provided in Table 1.

Table 2
Assessment of flashback limits across the investigated operating conditions at
T, =673 K and ¢ =0.7.

Ap/ P(%) hy;, (8/5) P (kW) Uy (m/s) FB
3 21.2 43.6 90.5 No
2 17.3 35.6 73.9 No
1 12.2 25.2 52.2 No

higher ¢;py. Interestingly, the LBO limit for the pure H, case is more
restrictive than that of a 90% H, fuel split. One plausible explanation
is that the residual Jet-Al in the fuel stream alters the local air-fuel
mixture distribution, which helps stabilize the flame compared to the
gaseous fuel. Overall, the influence of T,;. on LBO for pure Jet-Al is less
pronounced than for pure H, (Fig. 7). Moreover, switching from Jet-Al
to H, through intermediate blends improves flame stability, enabling
the lean blowout limit to move towards a lower equivalence ratio and
expanding the stabilization regime of the fuel-flexible combustor.

4.4. Flashback limits

A critical issue in H, combustion is the risk of fast upstream flame
propagation, which can lead to flame stabilization in the mixing tube,
where fuel and air mix before entering the combustion chamber, re-
ferred to as flashback (FB) [25]. Increased propensity for flashback is
influenced by factors such as mixing quality, equivalence ratio, flow
velocity, and combustor design. In our combustor, no flame flashback
was observed, for ¢ up to 0.7 and reduced air mass flow rates corre-
sponding to Ap/P values from 3% to 1% in the pure H, experiments
(see Table 2). Instantaneous OH* chemiluminescence images for all
operating conditions listed in Table 2 confirmed that the reaction zone
remained near the burner exit while staying detached, with no signs of
flashback. This indicates that the nominal ., P, and Uy, at ¢ = 0.7
(as given in Table 2), can be reduced by at least 58% without causing
flashback. This flashback safety margin is extremely promising, since
for operating conditions above 30% H, at nominal power (as outlined
in Table 1), flammable mixtures are expected near the external wall at
the nozzle exit.

4.5. NO, and CO emission characteristics

Fig. 8 shows the concentrations of NO, (NO + NO,) and CO in ppm
(at 15%0,) for various H, contents, at two specific thermal powers
(P, and P,,), under conditions detailed in Table 1. The reported
NO, and CO values correspond to the averaged measurements, as
fluctuations were minimal (+0.5 ppm NO,, +3 ppm CO). Fig. 8(a)
illustrated the impact of H, blends on the NO, emissions with an

increase in T,;.. For the nominal power condition P,,,, the overall

a p,12
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Fig. 8. Variation of NO, and CO emissions as a function of H, blend for
different T,;, and P,,, with operating conditions detailed in Table 1.

air sp?

NO, concentration in the pure Jet-Al case is lower than in the pure
H, case, as the flame is lifted promotes better premixing. Increasing
T,i: accelerates pre-evaporation and enhances premixing for the Jet-
Al content, which improves fuel-air homogeneity and lowers overall
NO, emissions levels. With H, content increased up to 45%, low T,
conditions show lower NO, emission levels whereas high T,;. condition
shows increase in the NO, emissions. This behavior is due to higher
adiabatic flame temperatures. At even higher H, contents, the local
fuel-air mixture is expected to become richer due to very large radial
H, jet penetration reaching the nozzle wall, leading to locally high
flame temperatures and an increased formation of NO, emissions. In
pure H, case, a significant increase in NO, emissions for higher T;,
compared to low T; can be explained by the combination of higher
adiabatic flame temperatures and poorer mixing.

For P,,,, corresponding to the operating condition near LBO, NO,
emissions remain below 10 ppm for all fuel splits. NO, levels are lower
for pure Jet-Al than for pure H, due to the lifted flame enhancing
premixing. The reduced adiabatic flame temperature and weaker radial
H, jet penetration keep NO, emissions low, even at higher H, contents,
compared to Py, ;.

As anticipated, CO emissions decrease with an increase in H, con-
tent in the fuel blend (Fig. 8b). For instance at Py, 1, in a mixture
without H, addition, the maximum of CO emissions reaches 140 ppm
at T, = 473 K, 20 ppm at T,;, = 573 K, and 17 ppm at Ty;, = 673 K.
Interestingly, even a modest H, fuel split of 15% results in a significant
reduction in CO emissions, from 140 ppm to 40 ppm, at low 7};, of 473 K.
CO emission levels become nearly identical for higher H, contents
beyond 45% across all T,;.. This operating condition is particularly
important for the lowest thrust conditions in aero engines, such as idle
and taxiing at airports. For very high H, blends, CO emissions approach
near-zero levels. In contrast, for P;,, which is close to the LBO limit,
CO emissions reach 4000 ppm for pure Jet-Al, whereas a fuel split of
15% results in a significant reduction in CO emissions to 400 ppm. For
higher H, fuel splits, CO emissions decrease significantly but remain
relatively high compared to P, .
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5. Conclusions

This paper explores the fuel flexibility of a laboratory-scale com-
bustor operating with Jet-Al and H,. The lean-lifted flame concept is
utilized to stabilize flames with the addition of H,. Under air preheating
temperatures ranging from 473 K to 673 K, increasing the H, concentra-
tion shifts the flame stabilization closer to the fuel nozzle exit, reducing
the lift-off height. Additionally, dual-fuel operation significantly ex-
tends the LBO limits. While lower H, blends result in minimal changes
to LBO limits, higher blends of H, improve the LBO limits by nearly a
factor of two.

The investigated combustor configuration remains flashback safe
for an equivalence ratio up to 0.7 and down to 58% of the nominal
air mass flow of 21.2 g/s, at an air preheating temperature of 673 K.
The combustor also remains flashback safe even with up to 100% H,,
despite the radial H, jet penetration not being optimal beyond a fuel
split of 30%.

Finally, at higher specific thermal power, NO, emissions decrease
at low and increase at high air inlet temperatures for H, fuel splits up
to 45%. For fuel splits between 45% and 75% H,, emissions remain
roughly around 10 ppm, rising significantly only at higher blends. In
contrast, at lower specific thermal power near LBO, NO, emissions
remain below 10 ppm for all fuel splits. This suggests that, despite
offering fuel flexibility and very promising overall pollutant emis-
sions performance, the current configuration at higher specific thermal
power is not optimal for H, fuel splits above a certain threshold.
Therefore, for higher H, fuel splits, incorporating additional stageable
H, injection holes will further reduce NO, emissions and improve
flashback margins. Additionally, even a small H, fuel split of 15%
results in a significant reduction in CO emissions for low air inlet
temperature, which is important for low thrust conditions for aero
engines.

CRediT authorship contribution statement

Samarjeet Singh: Writing — review & editing, Writing — origi-
nal draft, Methodology, Investigation, Formal analysis, Conceptualiza-
tion. Matteo Amerighi: Writing — review & editing, Formal analysis.
Nicola Scopolini: Writing — review & editing, Formal analysis. An-
tonio Andreini: Writing — review & editing, Supervision. Stefan R.
Harth: Writing — review & editing, Formal analysis, Conceptualization.
Dimosthenis Trimis: Writing-review & editing, Supervision.

Novelty and significance statement

The novelty of this research lies in an innovative fuel-flexible burner
that combines H, injectors in a jet-in-crossflow arrangement with a
lean-lifted spray Jet-Al flame. The experimental results confirm that
the combustor delivers flashback-resilient performance under atmo-
spheric conditions across the full range of operation, spanning from
pure Jet-Al to pure H,. The specific significance of the current study
is as follows:

+ Lean blowout limits are extended by a factor of two when switch-
ing from pure Jet-Al to pure H, operation.

+ For up to 75% H, fuel split, NO, emissions are around 10 ppm,
which is reduced compared to the already good emissions perfor-
mance of the lean-lifted spray flame.

» The H, injection system is designed for the optimized mixing
up to 30% H, fuel split; by incorporating additional injection
ports, there is significant potential to achieve even greater NO,
reductions.
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