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Comparative Study of Hydrogen
Addition Effects on Flame
Stability and Pollutant Emissions
in Jet-A1 and Sustainable
Aviation Fuel/Jet-A1 Lean Lifted
Spray Flames

Understanding the combustion characteristics of sustainable aviation fuel (SAF) and
conventional fuel spray flames with hydrogen (H») mixtures is essential for enabling the
transition from fossil fuels to cleaner aircraft propulsion. This study investigates flame
stabilization and pollutant emissions in an innovative, fuel-flexible combustor fueled by Jet-
Al, SAF, and H; under atmospheric pressure and elevated air inlet temperatures. A new
nozzle, based on the “low swirl” lean-lifted flame concept, was developed to promote high
premixing, significantly reducing NO, emissions and minimizing flashback risk compared to
conventional swirl-stabilized flames. The design promotes higher flame lift-off heights
(LOH), enabling stable operation at increased H, content. Jet-Al and SAF/Jet-Al blend are
injected through a centrally mounted hollow-cone atomizer, and H; is supplied via injectors
arranged circumferentially around the prefilmer. Flame structure, lift-off height, and flame
width were characterized using high-speed OH chemiluminescence imaging, and pollutant
emissions were measured with an exhaust gas analyzer. The study compares flame behavior
and pollutant emissions with and without H; addition in Jet-Al/air and SAF/Jet-Al/air lean
lifted spray flames. The influence of H, addition on the lean blowout (LBO) behavior of the
combustor is also assessed for both fuels. Overall, a comprehensive experimental campaign
investigates key parameters, such as air inlet temperature and hydrogen blending ratio. The
comparison of H, addition in Jet-Al and SAF/Jet-Al spray flames provides beneficial
insights for the design and optimization of next-generation fuel-flexible aero-engines.
[DOI: 10.1115/1.4072618]
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1 Introduction

Aviation is one of the fastest-growing global transport sectors and
is currently undergoing a paradigm shift driven by the urgent need to
mitigate its environmental impact. Jet-Al, a kerosene-based
aviation fuel produced under stringent international specifications,
remains the predominant fuel for commercial turbine aircraft due to
its high energy density, proven safety record, and extensive
compatibility with existing infrastructure. However, combustion
of Jet-Al contributes approximately 2% of global CO, emissions
[1,2], and projections indicate that this share could rise to nearly 5%
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by 2050 without intervention [3]. Therefore, the rapid development
and deployment of sustainable combustion technologies for low-
carbon or carbon-neutral alternatives is of utmost importance for
achieving aviation’s 2050 net-zero goals.

In this regard, two alternative pathways have gained prominence:
the implementation of drop-in sustainable aviation fuels (SAFs) and
the advancement of carbon-free fuels such as hydrogen (H;). These
strategies represent distinct routes toward lower-emission aviation.
SAFs provide a near-term solution for reducing carbon footprint [4],
whereas Hj represents a longer-term transition toward zero-carbon
combustion [5]. Derived from renewable or waste-based feedstocks,
SAF is compatible with existing aircraft engines and infrastructure
[6] and can reduce life-cycle CO, emissions by up to 94% relative to
Jet-A1l [7]. Certified under ASTM D7566, managed by the
American Society for Testing and Materials in the U.S., SAF can
be blended up to 50% with Jet-A1l. But global production of SAF
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remains limited, highlighting the need for further research on its
combustion performance and scalability. In parallel, H, offers
approximately 2.8 times the energy per unit mass of aviation
kerosene [8] and, when burned, produces up to 90% lower NOy
emissions under optimized conditions [9]. Nonetheless, its low
volumetric energy density, which necessitates larger storage tanks,
together with ongoing challenges in production, storage, and
handling, continues to hinder widespread adoption [10].

Fuel-flexible systems offer a bridge to low-carbon aviation by
enabling the use of conventional Jet-A1, drop-in SAFs, and H, with
minimal change in existing engine architectures [11,12]. Such
systems can lower both local pollutant emissions in the vicinity of
airports and overall flight emissions, achieving these benefits
without restricting flight range or operability. Their capability to
operate interchangeably on drop-in SAFs, H,, and conventional Jet-
Al offers operational flexibility and supply-chain resilience, making
fuel-flexible technologies an attractive near- to mid-term option for
accelerating the adoption of cleaner aviation fuels. Indeed, several
experimental [13—19] and theoretical [20-23] investigations have
contributed significantly toward the dual fuel operation of H, and
conventional aviation fuels.

Despite the promise of fuel-flexible operation, integrating
alternative fuels such as drop-in SAFs with H, addition introduces
substantial combustion challenges. On one side, SAF and Jet-Al are
complex multicomponent fuels with differing volatility and
evaporation characteristics, leading to preferential evaporation
effects that remain insufficiently understood and difficult to
incorporate into current combustor design methodologies [24]. On
the other side, the markedly different physical and chemical
properties of Hj-rich fuel, particularly their high reactivity and
fast flame speed, prevent direct application of conventional
combustor designs, as these mixtures can shift flame anchoring
behavior and, in extreme cases, lead to flashback [25]. As a result,
designing fuel-flexible combustors that are simultaneously
flashback-resistant, operationally stable, and capable of low
emissions remains a major technical challenge for next-generation
aviation propulsion systems. To the best knowledge of the authors,
no prior studies have systematically addressed the challenges of
achieving stable combustion ranging from pure SAF/Jet-A1 fuel to
pure H, through intermediate fuel splits, under engine-relevant
conditions.

This study examines the effects of H, addition on flame behavior,
lean blowout (LBO) limits, and pollutant emissions of Jet-Al and
SAF/Jet-Al blend lean lifted spray flames in a novel low-swirl

Water cooled
fuel lance

combustor. The burner employs Jet-A1 or SAF/Jet-Al fuels through
an airblast atomizer, with H, injected in a jet-in-crossflow
configuration, operating at elevated air inlet temperatures (7%i;)
and atmospheric pressure. This investigation addresses critical
knowledge gaps related to the practical implementation of H, in
dual-fuel systems employing conventional jet fuels or SAF/Jet-A1l
blend. Specifically, the study analyzes flame shape variations with
and without H, addition (up to 100%) in Jet-Al and SAF/Jet-Al
spray flames and compares lift-off heights (LOH) and LBO limits
across different fuel mixtures. Finally, the effects of varying H,
blends on NOy and CO emissions are quantified for both Jet-A1 and
SAF/Jet-A1 flames.

2 Experimental Setup and Measurements

2.1 Combustion Facility. Experiments were conducted on a
laboratory-scale fuel-flexible combustor designed to investigate
lean lifted spray flames of Jet-A1 and SAF/Jet-A1 with H, addition.
The experimental setup, shown in Fig. 1(a), consists of an air supply
plenum, a quartz-enclosed combustion chamber for full optical
access, and an open exhaust leading to an extraction system.
Compressed air is preheated to 673 K using electrical heaters before
entering the plenum, which incorporates a flow straightener to
ensure uniform inlet conditions. The combustion chamber has a
square cross section of 100 x 100 mm? and extends 460 mm above
the burner exit. The nozzle with an effective area of 380 mm?, is
designed to enable dual-fuel operation.

Figure 1(b) shows a schematic of the burner configuration
examined in this work. The dual-fuel nozzle, previously charac-
terized for Jet-A1/H, operation in Ref. [19], enables simultaneous
delivery of liquid fuel (Jet-A1 or SAF/Jet-A1) and gaseous H,. Both
fuels are routed through a water-cooled lance to maintain near-
ambient temperatures and to mitigate any coking of the liquid fuel.
Jet-A1l or SAF/Jet-Al is supplied axially using a hollow-cone
atomizer (flow number 0.74, bore diameter 0.35 mm, inner half-
angle 60 deg). The atomizer operates in a two-stage airblast mode:
the liquid forms a thin film along the prefilmer surface, which is
subsequently sheared and dispersed at the prefilmer lip by high air
velocities. Hj is introduced through 12 circumferentially distributed
orifices (each 0.35 mm in diameter) positioned around the outer
prefilmer. The nozzle features two main air supplies (air vanes 2 and
3) separated by a prefilmer lip. Air vanes 3 allow a non-swirled
airflow on the outer side of the prefilmer, while air vanes 2 introduce
swirl to the inner side of the prefilmer. In addition, a small non-

Air vanes 3
(no swirl)

Prefilmer

Air vanes 2
(s =0.76)

Air vanes 1
(no swirl)

Atomizer

Hydrogen
plenum

Fig. 1 (a) Photograph of the lab-scale gas turbine combustion chamber facility and (b)
cross-sectional schematic of the nozzle employed in this study
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swirling axial airflow is provided through air vanes 1 to avoid flame
flashback near the burner centerline. Air vanes 2 composed of eight
tangentially inclined blades whose trailing edges are oriented at
45 deg to the nozzle axis. Air vanes 1 and 3 supply non-swirling air:
air vanes 1 comprise eight straight blades, while air vanes 3 contain
12 straight blades, both with zero trailing angle. The burner has an
overall swirl number of approximately 0.1 (no inner recirculation
zone targeted). The corresponding flow topology and mixing field
under nonreacting conditions were analyzed using Reynolds-
averaged Navier—Stokes simulations in our previous work [19],
offering further details for interested readers.

Fuel and air flow rates are measured with high-precision
instrumentation. The total combustion air flow is measured using
a thermal flowmeter (Bronkhorst In-Flow, Ruurlo, The Nether-
lands), featuring a 0.5% of full-scale accuracy. Hydrogen flow rates
are controlled by a thermal mass flow controller (Bronkhorst EL-
Flow, Ruurlo, The Netherlands), offering 0.1% full-scale accuracy.
Liquid fuel flow rates are measured using a Coriolis mass flowmeter
(Krohne OPTIMASS 3400c, Duisburg, Germany) with an accuracy
of 0.1% of full-scale accuracy.

2.2 Measurement Techniques. Side-view OH" chemilumi-
nescence images of the flames were captured using a high-speed
camera (Phantom V1212, Wayne) coupled with a high-speed
intensifier (LaVision HS-IRO, Gottingen, Germany). A 100 mm f/
2.8 UV lens (Cerco, Saint-Martin-de-Crau, France) was employed
together with bandpass filters (Chroma, Bellows Falls, trans-
mission > 80% over 300-340 nm, full width at half maximum 10 nm)
centered on the emission wavelength from electronically excited OH*
radicals (A2 — X2TI). The camera was operated at 1kHz for 10s
and recorded images at 1280 x 800 pixels. Based on the field of view of
260 mm x 160 mm, this corresponds to a spatial resolution of 203.1 um
per pixel horizontally and 200 um per pixel vertically.

Exhaust gas measurements were obtained using a thermally
regulated sampling probe, which was positioned 440 mm down-
stream of the burner. Gas samples were routed through a gas
dehydrator to the respective analyzers under controlled pressure
conditions. The concentrations of O, were measured with an ABB
Magnos 206 sensor (Mannheim, Germany), while CO and CO, were
determined using an ABB Uras 26 (Mannheim, Germany). Nitrogen
oxides (NOy, including NO and NO,) were quantified with an Eco
Physics CLD 700 EL (Diirnten, Switzerland) chemiluminescence
detector.

2.3 Operating Conditions. The experimental campaign was
first conducted to compare the baseline flames of pure Jet-Al and
SAF/Jet-Al blend at two air inlet temperatures (T;;) and various
specific thermal powers (Pgp). In particular, the burner was operated
using a SAF/Jet-A1 blend at a 40:60 volumetric ratio, with the SAF
produced via the hydroprocessed esters and fatty acids process. The

detailed operating conditions for experiments with pure Jet-A1l and
SAF/Jet-A1 fuels are summarized in Table 1.

For dual-fuel operation with H,, the H, fraction in the mixture is
defined based on the relative energy contribution of each fuel under
constant thermal power (P) and fixed air mass flow rate (#1,;,) [15]

ri, LHV g,

JoH, = - .
my, LHVy, + mygLHV 1 g

ey

where LHV is the lower heating value, with LHVy, = 119.97 MJ/kg
for Hy and LHVf for the liquid fuels, with 43.1 MJ/kg for Jet-Al
and 48.1 MJ/kg for SAF, a volumetric blend ratio of 40:60 (SAF:Jet-
Al)resultsinan LHV approximately 5% higher than that of pure Jet-
Al. The detailed operating conditions for the fuel-flexible
combustor under varying H, addition in Jet-Al and SAF/Jet-Al
flames are listed in Table 2, including the corresponding T, and fuel
split configurations. At each T, experiments were performed in
continuous operation, with H, content increased stepwise from the
baseline liquid fuel condition. This comprehensive dataset enables a
detailed analysis of flame structure, lift-off height, and pollutant
emissions across a wide range of fuel blends.

3 Results and Discussion

This section presents the results, beginning with an investigation
of the morphological transitions of the flame, based on OH"
chemiluminescence, at different Ty, and Py, with the H; fuel split
varying from 0% to 100%. The subsequent discussion focuses on the
enhancement of LBO limits and reductions in pollutant emissions
achieved through H, addition in the low-swirl combustor.

3.1 Examination of Time-Averaged Flame Morphology.
The investigation of the fuel-flexible combustor focuses on the
morphological evolution of the Abel-deconvoluted OH™ chemilu-
minescence fields for Jet-A1 and SAF/Jet-Al blend with varying
H, content. The images are normalized by the highest maximum
OH" intensity of the Jet-Al and SAF/Jet-Al flames under each
operating condition individually, facilitating a direct comparison of
the flames. First, the influence of 7;; on flame topology of liquid
fuels is analyzed at two different Py, values. This is followed by a
systematic assessment of the effect of H, addition, ranging from 0%
to 100%, on flame morphology.

3.1.1 Jet-Al Versus Sustainable Aviation FuellJet-Al Flame
Shape. Figure 2 shows time-averaged OH" chemiluminescence
images, spatially reconstructed using inverse Abel transformation,
for Jet-A1 and SAF/Jet-A1 blend. In the figure, columns correspond
to variations in Py, and rows to different Ty, for the operating
conditions listed in Table 1. Under engine-relevant conditions, the
relative pressure drop across the combustor is approximately

Table1 Operating conditions for the experiments performed with pure Jet-A1 and SAF/Jet-A1 fuels at Ap/P=3%

T (K) ”"’JelfAl (g/s) mSAF/JelfAI (g/s) mair (g/s) P (kW) Psp (MJ/kgalr) Uy (m/s)
473 0.95, 0.86, 0.78,0.69,0.60 0 25.3 40.8,37.1,33.4,29.7,26.0 1.61,1.46,1.32,1.17,1.02 75.8
0 0.91, 0.82, 0.74, 0.66, 0.58 25.3 40.8,37.1,33.4,29.7,26.0 1.61,1.46,1.32,1.17,1.02 75.8
673 0.79,0.72,0.65,0.58,0.51 0 21.2 34.2,31.1,28.0,24.9,21.8 1.61, 1.46,1.32,1.17,1.02 90.5
0 0.76, 0.69, 0.62, 0.55, 0.48 21.2 34.2,31.1,28.0,24.9,21.8 1.61,1.46,1.32,1.17,1.02 90.5
Table 2 Operating conditions of the fuel-flexible combustor with H, addition in Jet-A1 and SAF/Jet-A1 flames
Tair (K) % Ha Tet—a1 (g/9) MSAF/Je—A1 (8/9) 1y, (g/s) Tair (&/5) P (kW) Psp (MI/Kgair) Ap/P (%) Uy (m/s)
473 0-100 0.86-0 0 0-0.31 25.3 37.1 1.46 3 75.8
0-100 0 0.82-0 0-0.31 25.3 37.1 1.46 3 75.8
673 0-100 0.72-0 0 0-0.26 21.2 31.1 1.46 3 90.5
0-100 0 0.69-0 0-0.26 21.2 31.1 1.46 3 90.5
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Fig.2 Time-averaged inverse Abel-transformed OH" images of pure Jet-A1 and SAF/Jet-A1 at
two specific thermal powers (Psp) and air inlet temperature of (a)—(d) T.i;=473 K and (e)—(h)
TLir=673 K, highlighting the influence of fuel composition on flame shape and lift-off height

invariant with T,;,. However, the effect of the increase in bulk
velocity (Up) on the lift-off height is counterbalanced by the
corresponding increase in laminar flame speed. The elevated T,
also promotes enhanced pre-evaporation and fuel-air premixing,
leading to a more spatially uniform mixture in the combustion
chamber.

Jet-Al operation at T,; =473K and 673K with Py, =1.61
MJ/kg,;, and 1.02 MJ/kg,;. are shown in Figs. 2(a) and 2(e) and
Figs. 2(c) and 2(g), while the corresponding SAF/Jet-A1 flames are
shown in Figs. 2(b) and 2(f) and Figs. 2(d) and 2(h), respectively.
Across all operating points, the two fuels exhibit broadly similar
global flame morphology. In each case, the high-luminosity heat
release zone appears spatially extended and positioned far down-
stream of the burner exit.

121009-4 / Vol. 148, DECEMBER 2026

The lifted nature of the flame reflects substantial fuel pre-
evaporation and premixing of fuel with air at higher Tyi;. AS Tair
increases, the lift-off height decreases slightly and the heat release
zone becomes more compact, indicating stronger stabilization and
more rapid heat release. This behavior is consistent with the higher
laminar flame speed at elevated T,;. Additionally, the reduced
expansion ratio between fresh and burnt gases at elevated T,;; leads
to an increase in size of the outer recirculation zone, thereby
promoting earlier flame anchoring, a stabilization trend also
reported by Shamma et al. [26] for Jet-A1 spray flames.

Between the two fuels, subtle but systematic differences are
evident. For instance, at Ty;; =473 K and Py, = 1.61 MJ/kga,r, the
SAF/Jet-A1 blend (Fig. 2(b)) displays slightly higher OH" intensity
relative to Jet-A1 (Fig. 2(a)), indicating marginally enhanced local
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Fig. 3 Time-averaged OH chemiluminescence images, reconstructed using inverse Abel transformation, for
varying Hz contents: (a)—(e) Jet-A1 and (f)—(j) SAF/Jet-A1 fuel splits at T,i=473 K, with constant Ps, = 1.46 MJ/kg.;,

and Ap/P =3%

heat release and reaction rates. The SAF/Jet-A1 flame also appears
longer, with a moderately lower LOH, defined here as the axial
distance between the nozzle exit and the flame base, and a narrower
lateral spread compared to Jet-Al. At elevated T, = 673 K and the
same Py, the SAF/Jet-Al blend (Fig. 2(f)) again shows higher OH"
intensity relative to Jet-Al (Fig. 2(e)). However, the global flame
structure of the two fuels becomes more similar under these
conditions, although the SAF/Jet-A1 flame retains a slightly higher
LOH. A potential reason could be differences between the two fuels
in their atomization performance and evaporation characteristics. At
lower T, slower droplet evaporation makes flame stabilization
more sensitive to fuel-dependent spray and evaporation character-
istics, leading to larger differences in lift-off height and flame shape.
At higher T, rapid droplet evaporation near the nozzle reduces the
influence of spray effects, with remaining differences in flame
structure primarily governed by fuel composition.

At the lower Py, the global flame morphology of the two fuels
becomes nearly indistinguishable across both T, =473 K and
673 K, with the SAF/Jet-A1 blend showing only a modest, but still
discernible, increase in OH" intensity relative to Jet-Al. For
intermediate Pgp, the LOH difference between the SAF/Jet-A1l and

Journal of Engineering for Gas Turbines and Power

Jet-Al flames decreases with decreasing Pg,, with the largest
difference at the highest and the smallest at the lowest specific
thermal power. Across all operating conditions, the OH” intensity
remains consistently higher for the SAF/Jet-Al flame than for the
Jet-Al flame.

3.1.2 Impact of Hy Addition on Flame Shape. In aero-engine
operation, adjusting the H; fuel split will be essential for optimizing
performance and emissions while maintaining constant thermal
power, particularly during high-demand conditions such as takeoff
operation [15,27]. In Figs. 3 and 4, a specific thermal power of
Psp = 1.46 MJ /kg,;. was chosen, corresponding to an equivalence
ratio of ~0.5 for Jet-Al combustion, representative of maximum
thrust operating conditions in aero-engines. Figure 3 shows time-
averaged inverse Abel-transformed OH" images for varying H,
contents at Ty = 473 K, with constant Py, = 1.46 MJ/kg,;, and
relative pressure drop of 3% (see Table 2). The top and bottom rows
correspond to Jet-Al and SAF/Jet-A1l, respectively.

For pure Jet-Al and SAF/Jet-A1 operation (Figs. 3(a) and 3(f)),
the high-luminosity heat release zone is broad and positioned far
downstream of the fuel nozzle. SAF/Jet-Al consistently exhibits a
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Fig. 4 Time-averaged OH" chemiluminescence images, reconstructed using inverse Abel transformation, for
varying H; contents: (a)—(e) Jet-A1 and (f)—(j) SAF/Jet-A1 fuel splits at T;;=673 K, with constant Ps, = 1.46 MJ/kg,;,

and Ap/P =3%

slightly lower LOH and a more intense heat release zone compared
with Jet-Al, indicating enhanced reactivity due to its altered
physical and chemical properties. Up to 22.5% H, addition (Figs.
3(b) and 3(g)), the overall flame shape remains similar to the
baseline liquid-fuel flames, with only a modest reduction in LOH.
This behavior reflects the increased flame speed from H, combined
with limited radial penetration of the H, jets, which allows the Jet-
A1l or SAF/Jet-A1l combustion mode to remain dominant.
Correspondingly, SAF/Jet-A1 flame continues to exhibit a slightly
stronger heat release intensity and a marginally shorter LOH than
Jet-Al. As the H; content increases to 30% (Figs. 3(c) and 3(h)), the
flame becomes more compact and shifts noticeably toward the
burner exit. This upstream stabilization arises from the higher
reactivity of the mixture and from stronger radial H, penetration,
which enriches the outer recirculation zone and enhances anchoring
near the nozzle. For the SAF/Jet-A1 flame, the luminous heat release
zone also extends closer to the burner exit compared with Jet-Al,
consistent with its intensified heat release zone.

Beyond 30% and up to 100% H, fuel split, H, governs the flame
stabilization mechanism. The remaining Jet-Al or SAF/Jet-Al

121009-6 / Vol. 148, DECEMBER 2026

contributes only to an extended downstream release zone, and its
influence diminishes steadily as its fraction decreases. As a result,
both fuel blends (liquid fuel with H,) converge toward nearly
identical flame structures under H,-rich conditions. For instance, at
60% H, (Figs. 3(d) and 3(i)), the dominant heat release zone shifts
further upstream, approaching the burner exit. For further higher H,
blends, the flame exhibits a highly compact heat release zone,
positioned near the burner exit yet remaining distinctly detached
from the burner, as illustrated for 90% H, in Figs. 3(e) and 3(j).
Operation at 100% H, shows a flame structure similar to that at 90%
H, and is reported separately in Ref. [19].

Figure 4 shows time-averaged images for varying H, contents at
Tyir = 673K and Py, = 1.46 MJ /kg,i,» with the top and bottom rows
corresponding to Jet-Al and SAF/Jet-Al, respectively. The
operating conditions for each fuel split are identical to those shown
in Fig. 3 and summarized in Table 2. The higher laminar flame speed
leads to a slight reduction in LOH at elevated T;; (Figs. 4(a) and
4(f)). Both pure Jet-Al and pure SAF/Jet-Al flames exhibit
significantly more compact heat release zones than those observed
at 473 K (Figs. 3(a) and 3(f)). Consistent with earlier observations,
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SAF/Jet-A1 again exhibits a slightly lower LOH and a more intense
heat release zone.

For H, additions up to 15% (not shown for brevity), the flame
structure remains largely similar to the baseline liquid-fuel cases,
with only modest reductions in LOH. However, the upstream shift of
the heat release zone with increasing H; is notably more pronounced
at 673 K than at 473 K. For instance, at 22.5% H, (Figs. 4(b) and
4(g)), the high-luminosity heat release zone shifts closer to the
burner exit and becomes elongated, in contrast to Figs. 3(b) and 3(g),
where the flames remain farther downstream. This behavior arises
primarily from the substantially higher flame speed of H, at elevated
Tair- At 30% H, (Figs. 4(c) and 4(h)), the heat release zone shifts
further upstream and becomes more compact compared to Figs. 3(c)
and 3(h), reflecting stronger Hj-dominated stabilization. The
remaining Jet-A1l and SAF/Jet-A1 contribute only to an extended
downstream heat release zone. Beyond 30% H, blends, a highly
compact heat release zone is observed in Figs. 4(d), 4(e), 4(i), and
4(j). Although increasing the H, content beyond 30% degrades the
overall premixing quality and can generate near-stoichiometric
pockets at large radii near the nozzle periphery, the axial position of
the high-luminosity heat release zone remains essentially
unchanged. This invariance likely reflects the burner geometry,
which provides a uniformly distributed, high-velocity airflow field
at the exit. Additionally, the orientation of the H, jets increases the
axial momentum component as the H, fuel split rises, keeping the
flame detached despite its proximity to the burner.

3.2 Flame Lift-Off Height for Fuel-Flexible
Combustor. The LOH is a key parameter, as it governs the extent
of fuel—air mixing prior to combustion and provides an important
indicator of pollutant emission behavior. In this study, LOH is
defined as the axial distance between the fuel nozzle exit and the
base of the flame. The measurement was obtained from OH”
chemiluminescence imaging, where LOH corresponds to the
distance from the nozzle exit to the horizontal location upstream
of which only 5% of the total integrated OH" intensity is detected.
This relatively threshold was deliberately selected to reduce the
influence of variations in OH" signal strength arising from
differences between Jet-Al and SAF/Jet-A1l flames, as well as
from the systematic addition of H,, thereby ensuring consistency
and comparability across all operating conditions.

Figure 5 shows the variation of LOH with increasing H, content
for Jet-Al and SAF/Jet-Al flames at the two investigated Ty
conditions. At 473 K, the pure SAF/Jet-A1 flame exhibits a slightly
lower LOH than the pure Jet-A1 flame, whereas at 673 K, the LOH
values are low and nearly identical for both fuels. As discussed
earlier, this behavior may correspond to slight differences in the
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Fig. 5 Variation of flame lift-off height as a function of H,
blending for different T in Jet-A1 and SAF/Jet-A1 operations,
with the corresponding operating conditions listed in Table 2
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atomization and evaporation of SAF/Jet-Al, which play a
significant role at lower T,;;. As the H, content increases, the LOH
decreases markedly for both T,;. For lower Ty, the reduction in
LOH remains modest up to approximately 22.5% H,, while at higher
T.ir LOH remains modest up to 15% H,. This behavior is likely due
to an increased flame speed by H, addition in combination with a
low radial H, jet penetration, which maintains Jet-A1 or SAF/Jet-A1
combustion as the dominant process in this regime. At 30% H,, the
flame begins to stabilize within the outer recirculation zone near the
burner exit for both T,;; conditions. This shift in anchoring location
arises from the stronger radial penetration of the H, jets, which
promote the formation of a locally fuel-rich mixture near the outer
recirculation region (see Figs. 3(¢), 3(h), 4(c), and 4(h)). A small but
noticeable distinction between SAF/Jet-A1 and Jet-A1 persists up to
approximately 37.5% H,, beyond which the LOH values converge
for low T;; and remain nearly identical at high T, for all the fuel
splits. Alternatively, the observed reduction in LOH with increasing
H, fuel split can be interpreted in terms of the jet-to-crosstlow
momentum flux ratio (/). The parameter J is defined as the ratio of
the H, jet to freestream air momentum fluxes: J = py, 1412_12 /Pair Uz
[28], where p and U denote the density and velocity of the respective
flows. Under the present conditions, J increases from approximately
3.3t0 20.5 at T,;; =473 K and from 2.3 to 14.4 at T,; = 673 K as the
H, fuel split increases from 15% to 37.5%. At low J, the H; jet is
insufficient to significantly affect the flame, whereas higher J
promotes higher radial jet penetration and mixing, thereby reducing
LOH. At further higher fuel splits, the increasingly fuel-rich mixture
near the burner periphery further reduces the calculated LOH, leading
to a more compact anchored flame (see Figs. 3(e), 3(j), 4(e), and 4(j)).

3.3 Flame Width Variation With H, Addition. The flame
width is another key parameter extracted from the time-averaged
Abel-transformed OH™ chemiluminescence fields for the quantita-
tive characterization of differences between Jet-A1 and SAF/Jet-A1
flames. The flame width is defined as the maximum radial extent of
the OH" intensity distribution corresponding to a normalized
intensity threshold of 50%, representing the full width at half
maximum of the heat release zone [29]. The maximum radial flame
spread corresponds to the largest lateral distance between the left
and right flame edges over the entire axial length of the flame. This
parameter complements the axial stabilization information obtained
from LOH and enables an objective comparison of flame
morphology across fuel types and operating conditions.

Figure 6 shows the variation of flame width with increasing H,
content for Jet-Al and SAF/Jet-A1l flames at the two investigated
Tair conditions. At T = 473 K, the pure SAF/Jet-A1 flame exhibits
a slightly smaller flame width than the pure Jet-Al flame. At
Tair = 673K, the flame widths are generally lower than those at
473K and nearly identical for both fuels, indicating a diminished
influence of spray effects at elevated T;.

With increasing H, content, the flame width decreases system-
atically for both T conditions. At 473 K, the flame width decreases
gradually and remains relatively modest up to approximately 30%
H,, whereas at 673 K, it remains modest only up to about 22.5% H,,
followed by a pronounced reduction at higher H, fuel splits. In
particular, between 30% and 60% H,, the flame width remains
consistently low compared to lower fuel splits, reflecting the
enhanced flame speed and reactivity associated with H, addition.
This results in faster fuel consumption and a more compact reaction
zone, which limits radial flame expansion. Notably, a small but
noticeable distinction between SAF/Jet-A1 and Jet-A1 persists up to
approximately 37.5% H,; beyond this point, the flame width values
converge for low Ty and remain nearly identical at high T, for all
the fuel splits. Beyond 60% H,, the flame width increases
systematically, likely due to higher volumetric fuel flow near the
burner exit and the stronger momentum of the H; jets.

3.4 Lean Blowout Limit Improvements. Operating a com-
bustor at low thermal power inherently increases its susceptibility to
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Fig. 6 Variation of flame width as a function of H, blending for
different T, in Jet-A1 and SAF/Jet-A1 operations, with the
corresponding operating conditions listed in Table 2

LBO, as the reduced heat release and slower reaction rates are often
insufficient to sustain a stable flame. The impact of fuel composition
on the blowout limit is therefore of critical importance in the design
of lean combustion systems. As the fuel-air mixture becomes
excessively lean, local extinction driven by high strain rates and
reduced reaction-zone robustness can destabilize the flame and
ultimately lead to global blowout. The LBO limit, commonly
defined as the maximum air-to-fuel ratio or minimum thermal power
at which a flame can be sustained before extinction, determines the
minimum fuel flow required for stable operation under specific
conditions. Incorporating H, into Jet-Al or SAF/Jet-Al spray
flames offers a promising approach to reconcile the competing
demands of ultralean operation, flame stability, and emissions
reduction. In this context, the present study investigates the
influence of H, addition on the LBO characteristics of a fuel-
flexible low-swirl combustor.

Figure 7 shows the LBO limits for Jet-A1 and SAF/Jet-A1 flames
with varying H, additions at two T, conditions, measured at a
constant bulk velocity U, (see Table 2). The LBO thermal power
(PLpo) is determined by gradually reducing the thermal power until
global flame extinction occurs. For the LBO experiments, each fuel

-§- Ty = 473K, Jet-Al/H,

¥ - Thir = 473 K, SAF blend/H,
- §- T, = 673 K, Jet-A1/H,
- § - Thiy = 673 K, SAF blend/H,

Fig.7 LBO limits for varying H, blends in Jet-A1 and SAF/Jet-A1
operations. Operating conditions are in Table 2, and error bars
denote the combined measurement uncertainty (coverage factor
of 2), incorporating both statistical and systematic contributions.

121009-8 / Vol. 148, DECEMBER 2026

split was investigated individually: the H, flow rate (m,) was
maintained constant within the selected range, while the liquid fuel
flow rate was gradually reduced until flame extinction occurred.
Error bars represent the combined uncertainty (coverage factor of 2)
at each fuel split, accounting for both statistical variability from
three repeated measurements and systematic uncertainties. Within
the uncertainty bounds, the decrease in Ppgo with increasing H,
content is clearly resolved. The separation between the liquid fuels
(Jet-Al and SAF/Jet-Al) and their H, addition blends is
unambiguous across both T, conditions. At 473 K, Py go decreases
from 25.3kW (pure Jet-Al) and 24.25kW (pure SAF/Jet-Al) to
18.3 kW (pure H,). This reduction is more pronounced at higher 7,
with Py go dropping from 21.3 kW to 10.6 kW between pure Jet-Al
and SAF/Jet-A1 to pure H,. These results show that even modest H,
addition significantly lowers the LBO limit, enhancing flame
stability and extending the operable range in aero-engines, both at
high T, during takeoff/climb, and at lower T relevant for idle/
taxiing conditions.

Particularly, pure Jet-Al and SAF/Jet-A1 flames exhibit higher
PLso at both T, compared to pure H,, consistent with the lower
reactivity and slower burning velocities of hydrocarbon flames. Jet-
Al and SAF/Jet-Al flames show nearly identical LBO limits at both
T.ir conditions. For H, content up to 30%, the influence of H, on
‘PLeo remains relatively consistent across both T, This behavior
likely reflects limited H, jet penetration and the continued
dominance of the liquid-fuel spray in controlling the flame
stabilization mechanism.

Notably, the LBO limits for Jet-Al and SAF/Jet-Al with H,
addition remain closely aligned across the two T, reinforcing the
suitability of SAF/Jet-Al as a drop-in replacement for Jet-A1 fuel.
For H, contents between 30% and 100%, Prgo decreases
progressively with increasing H, contents for both fuels. This
improvement in stability arises from the enhanced reaction rates,
higher diffusivity, and increased burning velocity of Hj-enriched
flames. In this regime, a clear divergence between the two T, cases
becomes evident, with higher T;; demonstrating substantially lower
LBO limits, especially for close to 100% H, operations. Overall, H,
addition markedly enhances flame stability by reducing the required
‘P for sustained combustion and expanding the operating margin
against blowout. These results highlight the potential of H; to extend
the stable operating range of fuel-flexible combustors while
accommodating both Jet-A1 and SAF blend.

3.5 Pollutant Emissions Measurements. NO, and CO emis-
sions are key considerations in the development of gas turbine
combustors. First, the dry exhaust gases (NOy and CO emissions) for
pure Jet-Al and SAF/Jet-A1 fuels at various Py, and two different
T.ir are examined. Next, the emissions of the fuel-flexible combustor
are shown for different H, fuel split (0-100%). All NOy and CO
concentrations are reported in ppm and normalized by 15% O,.

3.5.1 Emissions From Jet-Al and Sustainable Aviation Fuell
Jet-Al Flames. Figure 8 illustrates the NOx and CO emissions for
pure Jet-Al and SAF/Jet-Al fuels at various Pg,, under the
conditions listed in Table 1. As shown in Fig. 8(a), NOy levels
increase with Py, for both Ty;;; however, emissions remain relatively
low due to the lifted flame. In contrast, Fig. 8(b) shows that CO
emissions decrease with Py, indicating more complete combustion
at higher Pg,. At elevated Ty, enhanced fuel pre-evaporation and
improved mixing promote greater fuel-air homogeneity, reducing
overall NO4 and CO emissions.

However, the NOy emissions are slightly higher and CO
emissions slightly lower from SAF/Jet-A1l fuel compared to Jet-
Al across all Pg, and both Ty;;. Consequently, as indicated by the
averaged OH" images (Figs. 3 and 4), the flame exhibits higher local
temperatures, leading to increased NOy emissions, while enhanced
combustion reduces CO emissions. Moreover, the very low and
nearly identical CO emissions observed at T, of 673K can be
attributed to more complete combustion across all Pgp. At such Ty,
fuel evaporation and associated air—fuel mixing are significantly
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Fig. 8 Variation of NO, and CO emissions with specific thermal
power (Psp) for Jet-A1 and SAF/Jet-A1 fuels. The operating
conditions are listed in Table 1.

enhanced, minimizing differences in CO formation between the Jet-
Al and SAF/Jet-A1 flames.

3.5.2  Effect of Hy Addition on Emissions. Next, the effect of H,
addition on pollutant emissions for Jet-A1 and SAF/Jet-A1 flames is
examined. Figure 9 presents the NO, and CO concentrations for
various H, fuel splits, under the operating conditions listed in
Table 2. Figure 9(a) illustrates the impact of H, blends on NOy
emissions at different T;.. For pure Jet-Al, NOy concentrations
remain lower than in the pure H; case, most likely because the lifted
flame promotes enhanced premixing, therefore, lower peak temper-
atures. For pure SAF/Jet-A1, NOy levels are comparable to those of
pure Hy at 473 K. Increasing T, to 673 K accelerates fuel pre-
evaporation and improves premixing for both Jet-Al and SAF/
Jet-A1, enhancing fuel-air homogeneity and reducing overall NOy

formation. At low Ty, NOx emissions initially decrease with H,
addition up to 45%, whereas at high T;;, NOy emissions increase due
to higher adiabatic flame temperatures. Notably, NOy levels are
slightly higher for SAF/Jet-A1 than for Jet-Al, with the largest
difference at 0% H,, gradually converging toward 45% H,, and
remaining similar at higher fuel splits. Beyond 45% H,, the local
fuel-air mixture becomes richer as the high-velocity H, jet
penetrates radially toward the nozzle periphery, leading to locally
elevated flame temperatures and increased NOyx emissions. For pure
H, flames, the significant rise in NOy at high T,;; compared to low
T arises from the combination of higher adiabatic flame temper-
atures and less effective mixing, since the nozzle geometry is
optimized for H fuel splits up to 30%. Consistent with this design
intent, nonreacting mixing-field analyses show that, for H, contents
up to 30%, no burnable mixture reaches the burner periphery [19].

Figure 9(b) shows that CO emissions decrease with increasing H,
content in the fuel blend for both Jet-A1 and SAF/Jet-Al. For pure
Jet-A1, CO emissions reach a maximum of 179 ppm at 7,;, = 473 K
and 11.7ppm at T, = 673 K, while for pure SAF/Jet-Al, the
maxima are 146.8 ppmat 473 K and 9.9 ppm at 673 K. Notably, even
a modest H, addition of 15% significantly reduces CO emissions to
55.4 ppm for Jet-A1 and 43.5 ppm for SAF/Jet-A1 at the lower T of
473 K. This reduction is particularly relevant under low-thrust
conditions in aero-engines, such as idle and taxiing. Beyond 45%
H,, CO emission levels for both fuel blends become nearly identical
across both air inlet temperatures, and at very high H, contents, CO
emissions approach near-zero values. This indicates that at elevated
T.ir and high H; fuel splits, CO emissions become largely insensitive
to fuel composition under the examined operating conditions.

4 Conclusion

The current study demonstrates the successful operation of a
novel low-swirl dual-fuel combustor capable of handling the full
spectrum of fuel blends, from pure Jet-A1 and SAF/Jet-A1l to pure
H,. This combustor utilizes a lean-lifted spray flame concept
augmented with circumferentially arranged hydrogen injectors in a
jet in crossflow configuration. The combined approach enables
stable, fuel-flexible operation over a wide range of thermal powers,
H, fuel splits, and elevated air inlet temperatures.

Systematic characterization of flame morphology reveals that
pure SAF/Jet-A1 generally exhibits modestly higher OH™ intensity,
lower lift-off heights, and longer flame lengths than Jet-Al at
elevated inlet temperatures, especially under higher thermal loads.
These distinctions diminish at lower thermal powers. When H; is
introduced, it consistently shifts flame stabilization upstream,
markedly reducing lift-off height for both liquid fuel operations.
Additionally, the flame width decreases gradually at low H, blends
and contracts sharply at higher H, blends. Differences between the
Jet-A1 and SAF/Jet-A1 flame structures persist only at low air inlet
temperatures and low H, content, becoming negligible at higher
blends. Moreover, H, addition also provides a substantial
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Fig. 9 Variation of NO, and CO emissions with H, addition in Jet-A1 and SAF/Jet-A1
operations. The operating conditions are listed in Table 2.
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enhancement in LBO performance. While low H; fuel splits offer
modest improvements, higher H, blends nearly double the LBO
limits at elevated air inlet temperature.

Up to 45% H, fuel splits, NOy emissions decrease at 473 K and
increase at 673 K with an increase in H, content. In particular, SAF/
Jet-A1l initially exhibits slightly higher NOy emissions than Jet-Al,
but these differences diminish progressively with increasing H,
content and become negligible beyond 45%. Between 45% and 75%
H,, NOy emissions remain roughly around 10 ppm, rising signifi-
cantly only at higher blends. These observations indicate that the
favorable emissions performance of the fuel-flexible combustor is
maintained only up to a certain H, threshold. Importantly, even a
modest H; addition in the combustor, around 15%, produces a marked
reduction in CO emissions at low air inlet temperatures, a benefit
particularly relevant for low-thrust aero-engine operation.

Overall, Jet-A1l and SAF/Jet-A1 exhibit similar responses to H,
addition, with only minor deviations at low H, blends and low air
inlet temperature. The results affirm that the SAF/Jet-A1l blend in a
40:60 volumetric ratio functions effectively as a drop-in fuel in a
fuel-flexible combustor. This work provides critical insights into
flame dynamics, combustor stability, and emissions performance,
supporting the development of next-generation aero-engines
engineered to operate cleanly and reliably across a wide spectrum
of sustainable and alternative fuels.
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Nomenclature

CO = carbon oxide
CO, = carbon dioxide
H, = hydrogen
J = momentum flux ratio
LBO = lean blowout
LOH = lift-off height
NO, = includes NO, NO,
0O, = dioxygen
‘P = thermal power
Psp = specific thermal power
SAF = sustainable aviation fuel
T,y = air preheating temperature
Uy, = bulk velocity
¢ = equivalence ratio
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