
 
 

Delft University of Technology

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

Dave, Kaushal; Link, Sarah; De Domenico, Francesca; Schrijer, Ferry; Scarano, Fulvio; Gangoli Rao, Arvind

DOI
10.1016/j.jfueco.2025.100139
Publication date
2025
Document Version
Final published version
Published in
Fuel Communications

Citation (APA)
Dave, K., Link, S., De Domenico, F., Schrijer, F., Scarano, F., & Gangoli Rao, A. (2025). Kerosene-H

2blending effects on flame properties in a multi-fuel combustor. Fuel Communications, 23, Article 100139.
https://doi.org/10.1016/j.jfueco.2025.100139

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.jfueco.2025.100139
https://doi.org/10.1016/j.jfueco.2025.100139


Kerosene-H2 blending effects on flame properties in a multi-fuel combustor
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A B S T R A C T

In this study, the macroscopic properties of kerosene-H2 blended flames are investigated in a multi-phase, multi-
fuel combustor, focusing on the effects of increasing H2 blending fractions. The non-reacting flow field of the
swirl-stabilized combustor is characterized using PIV, and macro-structures in the flow and spray-swirl in-
teractions are analyzed. Kerosene atomizers are tested to estimate variations in spray quality across different fuel
blends. The changes in the optical properties of the flames are recorded using broadband chemiluminescence
imaging while the changes in the acoustic emissions are recorded using a microphone. Results show that H2
addition significantly alters the flame topology, transitioning from a lobed flame for pure kerosene to a single
contiguous swirling flame for blended or pure H2 cases. The flame luminosity decreases, with the emission color
shifting from bright yellow (pure kerosene case) to dull yellow (multi-fuel cases) to a red-blue hue (pure H2 case).
These changes are attributed to variations in fuel distribution, heat release patterns, combustion mode, flame
speed, and soot formation tendencies. The acoustic analysis reveals that a strong tonal behavior is observed
under pure fuel conditions (prominent peaks at higher harmonics of 150 Hz) while broadband characteristics are
exhibited under blended fuel conditions. The overall acoustic emissions in multi-fuel cases are reduced by ~80 %
compared to pure H2 and ~55 % compared to pure kerosene. This study highlights the effects of high levels of H2
blending on flame dynamics and acoustic behavior in a multi-phase, multi-fuel combustor, offering valuable
insights for the development of fuel-agnostic combustion systems.

1. Introduction

The aviation sector accounted for ~5 % of the anthropogenic causes
of climate change in 2019 [1] with around one-third of this impact
coming from direct CO2 emissions [2]. The remaining contributions are
from non-CO2 effects, including NOX, water vapor, aerosols, and con-
trails [2,3]. In the effort to decarbonize this sector, H2 as a
carbon-neutral energy carrier has emerged as an attractive option [4].
However, to date, the development of a fully H2-fuelled aero-engine
presents significant challenges [5,6], such as the need for new infra-
structure development, scaling-up production of green-H2, fuel supply
chain robustness, and on-board H2 storage and distribution [6,7].
Fuel-flexible hybrid engine technology, capable of handling kerosene-H2
mixtures, represents an attractive interim strategy. Fuel-flexible aero--
engines have the potential to mitigate several challenges associated with
introducing H2 as an energy source in aviation. By enabling greater
versatility in fuel use, they can accelerate the adoption of H2 and
strongly contribute to the transition toward sustainable aviation.

However, the chemical properties of H2 are significantly different from
those of kerosene, and therefore, the injector design might require
substantial modifications to enable fuel-agnostic operations.

From a combustion perspective, H2 flames are characterized by a
higher adiabatic flame temperature and a higher flame speed at any
given equivalence ratio (φ) [8,9]. The increase in flame temperature
makes H2 flames susceptible to increased NOX formation while the in-
crease in the flame speedmakes the combustion systemmore susceptible
to flashback.

The issue of increased flame temperature can be partly mitigated by
leveraging the following two effects demonstrated when adding H2 to
the fuel mix. Firstly, H2 requires less combustion air per unit of energy
released compared to kerosene, implying that aero-engines using H2 can
be operated at leaner conditions. Secondly, the increased water vapor
concentration in the product gases from H2 combustion would result in a
higher heat capacity of the exhaust gases. This can lower the required
temperature at the combustor outlet for a given thrust setting [10,11].

Furthermore, while the increase in flame speed with H2 blending can
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be beneficial to flame stability at leaner conditions, the increased risk of
flashback [12] is detrimental to engine operability and service life.
Premixed swirl-stabilized combustors are particularly susceptible to this
due to the presence of a low-velocity region at the center of the swirling
jet. Reichel et al. [13] introduced the concept of using non-swirling axial
air injection (AAI) to overcome this axial velocity deficit and thereby
enhance flashback resistance. The approach has been followed in other
studies [14,15], including the system developed at the Sustainable
Aircraft Propulsion (SAP) laboratory of TU Delft for H2 combustion
research [16–18].

In recent years, the interest in fuel-flexible operations for aero-
engines using kerosene/SAF and H2 has grown, to overcome the chal-
lenges associated with H2 as a fuel (e.g. Fokker Next Gen, CAVENDISH
under Clean Aviation, Airbus ZEROe, etc.). This trend is reflected in the
literature, with an increasing number of studies exploring this topic.
While most focus on numerically investigating multi-phase, multi-fuel
combustion [19–22], experimental research on this topic remains rela-
tively limited. Most experimental studies [23–26] have focused on
conditions where only a small fraction of the total fuel energy is derived
from H2, corresponding to a low hybrid ratio (Rh), which is defined as
the ratio of H2 energy to the total energy of the blend [27]. These studies
primarily aim to evaluate the effects of H2 as an additive on flammability
limits, emissions, and combustion instabilities, rather than exploring
fuel-flexible operation. A summary of selected literature on kerosene-H2
multi-fuel combustion is provided in Table 1 including the type of
analysis conducted, and the main aspects investigated.

To the authors’ knowledge, the early study by Hiroyasu et al. [27] is
the only work where the full range of mixtures (Rh: 0 – 100 %) of liquid
kerosene and gaseous H2 are tested in a modified gas turbine combustor.
In this experiment, kerosene is injected via an air-blast atomizer that is
modified to include a concentric annular slit for H2 injection into the
flame zone without any premixing. In this analysis, the authors focused
on the cases where the thermal power and the total air flow entering the
combustor were kept constant while the fuel composition was varied. It
is reported that when Rh < 10 %, H2 addition has a strongly positive
effect on the flame stability (anchoring) and combustion efficiency while
the soot and NOX emissions measured in the exhaust gases only slightly
increase. When Rh was increased within the range of 10 % to 50 %, a
reduction in soot and NOX emission is reported, with the combustion
efficiency increasing to a plateau that starts at Rh ~ 30 %. Lastly, at Rh>

50 %, the flame was observed to behave like a pure H2 flame without a
significant change in NOX and combustion efficiency, while the soot
emission continued to reduce on account of a reduction in the share of
hydrocarbon component in the fuel mixture.

Similarly, the other studies summarized in Table 1, despite using
small blending fractions (Rh ≤ 25 %), also highlight important trends
regarding the effect of H2 addition on kerosene combustion. Most ana-
lyses [23–25,27] report that CO emissions decrease as H2 blending in-
creases because H2 replaces the carbonaceous fuel and enhances radical
concentrations and fuel mixing, which promotes more complete CO
oxidation to CO2. In contrast, the impact of H2 blending on NOx emis-
sions remains uncertain. While some studies [25] observe a positive
correlation, others report negligible changes [23,24,27]. Chemical ki-
netics studies [28,29] suggest that the net effect depends on the H2 in-
jection method, which determines whether suppression via the prompt
NOx mechanism or an increase via the thermal NOx mechanism domi-
nates. Additionally, injecting H2 significantly expands the envelope of
stable combustion, especially under lean conditions. All experimental
studies in Table 1 report improved flame stabilization and a lowered
lean extinction limit (LEL) with H2 addition.

It emerges from the above discussion that the existing literature on
kerosene-H2 blended combustion does not clearly identify technical
limitations in blending a high fraction of H2. Most experimental studies
on this topic are limited to low Rh values and do not explicitly state the
challenges in achieving stable combustion with pure H2, pure kerosene,
and intermediate blends. Additionally, the fact that these fuels are likely
to be injected in different phases further complicates the design of an
injection system. Insights into these blending limitations, if any, are
important for advancing the development of next-generation fuel-
agnostic engines. Furthermore, it is essential to investigate whether the
combustor architectures used in state-of-the-art aero-engines can be
adapted for future fuel-flexible systems. These two fundamental
knowledge gaps motivate the present research of the authors. To fully
understand kerosene-H2 blending, it is essential to investigate the flame
behavior at both macroscopic thermo-fluidic and thermo-chemical
scales. The former is within the scope of this study. The objective of
this work is to demonstrate the technical feasibility of utilizing a wide
range of kerosene-H2 blends in a novel multi-phase, multi-fuel
combustor. This includes addressing the key research question: “How do
the macroscopic properties of flames in a multi-phase, multi-fuel combustor
evolve with increasing H2 blending fractions?”

This is achieved in the present study by conducting reacting and non-
reacting experiments in a novel optically accessible multi-phase multi-
fuel combustion. The setup is designed to cover the entire range of fuel
mixtures (Rh: 0–100 %) by retrofitting an existing technically premixed
swirl-stabilized combustor with two kerosene atomizers. The non-
reacting flow field is measured using Particle Image Velocimetry
(PIV), while the impact of increasing H2 fraction on the optical and

Table 1
Summary of selected literature on kerosene-H2 combustion studies.

Author Year Fuel blends Rh Fuel injection Method of investigation Aspects Investigated

Hui et al., 2014 [19] H2/n-decane 0 – 44.2
%

Pre-vaporized, premixed Chemical kinetics analysis Ignition delay, laminar flame speed, extinction residence
time, and emissions formation

Kozlov et al., 2020
[20]

H2/n-decane 0 – 3.6
%

Pre-vaporized, partially and fully
premixed

CFD simulations (RANS) Emissions formation, temperature profiles

Alabas et al., 2024
[21]

H2/Kerosene 0 – 50 % Kerosene spray, Non-premixed
H2

CFD simulations (RANS) Emissions formation, temperature profiles

Vance et al., 2024
[22]

H2/n-
dodecane

0 – 100
%

Pre-vaporized, premixed 1D & 2D laminar flame
simulations

Effect on non-unity Lewis number of H2 on flame
stabilization.

Hiroyasu et al., 1980
[27]

H2/Kerosene 0 – 100
%

Kerosene spray, non-premixed H2 Experimental Flammability limit, emission formation, flame properties

Juste, 2006 [23] H2/Kerosene 0 – 10.5
%

Kerosene spray, non-premixed H2 Experimental Emission formation

Frenillot et al., 2009
[24]

H2/Kerosene 0 – 22 % Pre-vaporized, premixed H2 Experimental Flammability limit, flame structure, emission formation

Burguburu et al.
2011 [25]

H2/Kerosene 0 – 12 % Kerosene spray, partially and
fully premixed H2

Experimental Flammability limit, emission formation

Miniero et al., 2023
[26]

H2/Kerosene 0 – 8 % Kerosene spray, non-premixed H2 Experimental Flammability limit, emission formation, flame properties

Present study H2/Kerosene 0 – 100
%

Kerosene spray, premixed H2 Experimental Flame properties
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acoustic properties of the flames in the reacting experiments is moni-
tored with a DSLR camera and microphone, respectively. The observed
changes are qualitatively analyzed in terms of fuel distribution, heat
release patterns, combustion mode, flame speed, and soot formation
tendencies. This paper highlights the effects of H2 blending on flame
behavior and provides initial insights into the macroscopic properties of
kerosene-H2 blended flames, laying the groundwork for further explo-
ration of multi-phase, multi-fuel combustion.

The structure of this article is as follows: Section 2 provides a
detailed description of the experimental setup, including the hardware,
layout, and operating conditions, as well as the visualization and mea-
surement techniques used in this study. Section 3 presents the results,
divided into two main parts: the non-reacting and reacting conditions.
The non-reacting results include the combustor flow field and atomizer
characterization, while the reacting conditions cover the optical and
acoustic properties of the flames at varying Rh values. Finally, Section 4
summarizes the key findings of this study and discusses potential di-
rections for future research.

2. Materials and methods

2.1. Multi-fuel combustor

The experimental setup is shown in Fig. 1. The baseline combustor is
a technically premixed swirl-stabilized combustor for gaseous fuels that
was retrofitted with the SIMPLEX atomizers. It comprises a swirl injector
connected to a mixing tube (MT) that feeds the combustor with a
technically premixed stream of gaseous reactants. The swirl injector
used in this study is designed with helical vanes having an exit angle of
51.7◦ at its tip radius. The nominal swirl number, as defined in [30], at
the swirler outlet is 0.7. The MT has a diameter of 24 mm and a length of
70 mm and is connected at the center of the base plate of the combustor.
Two SIMPLEX-type atomizers (Fluidics Instruments, FI 0.15/80◦/SF) are
flush-mounted diametrically opposite on the base plate, at a distance of
38 mm from the central axis. A detailed view of the SIMPLEX injector
assembly is shown in Fig. 1 (left insert). The combustor is a cylindrical
quartz chamber, 400 mm long with a diameter of 148 mm and a wall
thickness of 3.5 mm, providing optical access for flame imaging and
laser diagnostics. It is connected to a flexible duct, 2 m in length and
~200 mm in diameter, which directs the exhaust gases to an off-site
location. The base plate of the combustor also hosts a premixed

methane/air Honeywell, ZMI series pilot burner which is used for
remotely igniting the combustor during reacting flow experiments.

A majority of the combustion air is injected in the setup via the swirl
air ports located upstream of the swirler while a small fraction of it is
injected via the AAI port (inner diameter 8 mm), in the form of an axial
jet, as shown in Fig. 1 (right insert). Gaseous fuel, in this case H2, is
injected into the MT via four fuel ports (inner diameter 3.2 mm) located
immediately downstream of the swirler in a jet-in-swirling crossflow
configuration. Liquid fuel, in this case, kerosene, is directly sprayed in
the combustor via the SIMPLEX atomizers. Each atomizer is rated to a
capacity of 9.5 g/min at an inlet pressure of 10 bar(g), producing an 80◦

solid cone spray pattern. The throughput of the atomizer under varying
inlet pressures was measured under non-reacting conditions to deter-
mine its characteristic operating curve and estimate the spray quality
using established empirical correlations for SIMPLEX-type atomizers.
These results are discussed in more detail in the Section 3.1.2. Lastly, the
flow of reactants is controlled via dedicated Bronkhorst mass flow
controllers. The flow controllers used for gaseous reactants have a rated
measurement uncertainty of ±0.5 % reading ± 0.1 % full-scale, while
that used for kerosene has a measurement uncertainty of ±0.2 %
reading ± 0.1 % full-scale.

2.2. Measured quantities

2.2.1. Flame luminance
Broadband chemiluminescence imaging of the flame is performed in

the visible spectrum using a Nikon D7500 DSLR camera (23.5×15.7
mm2 Red, Green, Blue (RGB) CMOS sensor, 21 MP, 4.2 μm pixel size)
equipped with an AF-S DX NIKKOR 18–140mm telephoto lens. The
camera is installed at a distance of ~680 mm from the center plane of
the combustor, resulting in a field of view (FOV) of 228×152 mm2 and a
resolution of 24.5 pixels/mm. Video sequences of ~30 seconds duration
are recorded at a resolution of 1920×1080 at 30 fps with a shutter speed
of 1/800s. The instantaneous RGB images of the flames extracted from
these video sequences are shown in Fig. 4.

Furthermore, the information in the blue channel of these images is
isolated to obtain 8-bit grayscale images, which are used to evaluate the
time-averaged topology of the flame zone shown in Fig. 5 . The blue
pixels in most commercial color CMOS sensors have a peak quantum
efficiency at ~440 nm, with a full width at half max (FWHM) of ~100
nm [31]. Thus, selecting only the information from the blue channel

Fig. 1. Center: Schematic view of the multi-fuel combustor assembly showing different components including the swirl injector, MT and liquid fuel atomizers. Left:
detail view of the pressure swirl atomizer used for injecting kerosene. Right: detail view of the swirler and the MT assembly showing the inlet ports for swirl air, AAI
and H2.
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(390 – 490 nm) is a low-fidelity method for implementing a coarse filter
for chemiluminescence signals. This range captures emissions peaks
from CH* and C2* radicals [32,33] which are key indicators of the re-
action zone in hydrocarbon flames, while the emissions from other
combustion products are largely excluded — specifically water vapor
and soot as they emit predominantly at longer wavelengths. Although
this approach sacrifices the spectral details, it provides a simplistic
means to isolate reaction zone emissions for initial qualitative analysis.

2.2.2. Acoustic emissions
Acoustic emissions from the combustor are recorded with a micro-

phone located at ~680 mm from the combustion chamber at a sampling
rate of 44.1 kHz. The spectrum is evaluated using the p-Welch method
[34]. In this analysis, 10-second audio samples were segmented into 100
ms intervals for Welch averaging. This segmentation yielded 4410
samples per segment, resulting in a frequency resolution of 10 Hz and a
Nyquist frequency of 22 kHz in the power spectral density (PSD).
Additionally, the sound emitted from the combustor under varying fuel
conditions is also compared using the RMS value of the 10-second audio
samples for each condition.

2.2.3. Flow field topology
The flow topology in non-reacting conditions is investigated using

PIV. The swirling air and AAI streams were seeded with DEHS oil tracers
of 0.9 µm diameter (peak of q3 size distribution) obtained using a PIV-
TEC PIVpart45 oil seeder. The tracers were illuminated by laser light
from a Quantel EverGreen 200 Nd:YAG laser (λ = 532 nm, 2×200 mJ, 15
Hz). The laser sheet thickness in the combustion chamber is ~3mm. The
light scattered from the tracers is detected by using a LaVision Imager
sCMOS camera (16.6×14 mm2 sensor, 5.5 MP, 6.5 μm pixel size). The
camera is placed at a distance of ~1.2 m from the measurement plane
and equipped with a 105 mm Nikkor lens, yielding a FOV of
198×167mm2 and a spatial resolution of 12.9 pixels/mm. The raw
particle images were processed using LaVision Davis 8 resulting in a
vector pitch of 1.2 mm (32×32 pixel size and 50 % overlap). To mitigate
the risk of accumulating combustible mixture in the setup during non-
reacting experiments, the H2 flow is replaced by a momentum-
equivalent airflow keeping the ratio of fuel-stream momentum to air-
stream momentum constant.

2.3. Experimental conditions

All reacting flow experiments are conducted at a constant power
setting of 9 kW while maintaining the overall equivalence ratio, φoverall
= 0.4. The experimental conditions, including the reactant mass flow
rates, and resulting bulk velocity in the MT for the various fuel blends
analyzed, are summarized in Table 2. In this study, the minimum at-
omization pressure requirement limits the maximum value of Rh to 40
%. The combustor can operate at Rh= 100 % by turning off the kerosene
atomizers but blends with Rh between 40 % and 100 % could not be
tested. This limitation is discussed in more detail in Section 3.1.2.

3. Results and discussions

3.1. Non-reacting flow conditions

3.1.1. Combustor flow field
The velocity field in the axial plane of the combustor at comparable

non-reacting conditions (i.e. Swgeom = 0.7 and AAI = 10 %) is shown in
Fig. 2. The velocity and spatial data are presented in normalized form
based on the bulk velocity in the MT (Vb= 10.1m/s) and the diameter of
the MT as a reference. The flow topology is illustrated with the inte-
grated streamlines. The swirling jet exits the MT and features a quasi-
conical shape with a semi-aperture of ~35◦, which delimits a toroidal
recirculation on the outside (outer recirculation zone, ORZ). This region
is observed to be anchored around foci located at y/DMT = ~1.5 and

extends up to 3 diameters after which a forward flow condition is
established. On the central axis, a large bulk of reverse flow is present
(inner recirculation zone, IRZ) with maximum downward velocity (-0.4
Vb) near the exit (y/DMT = 1). The IRZ is fed with the recirculated mass
flow by the two eddies with opposite circulation anchored around foci
located at y/DMT = ~4.5.

The contour plot of the vertical velocity component illustrated in
Fig. 2, helps to separate the regions of forward and reversed flow, with a
black line highlighting the locus of zero vertical velocity. The interaction
of the swirling jet with the IRZ and ORZ leads to the formation of the
inner and outer shear layers (ISL and OSL respectively). Flames are
usually located in low-velocity regions in ISL and OSL, where the local
flow velocity matches the local flame speed.

The juxtaposition of the unperturbed spray plumes (80◦ solid cones)
from the kerosene injectors with the velocity field is highlighted in
purple. From this, it is expected that the kerosene spray is mostly
injected into the ORZ, with some portion interacting with the OSL of the
swirled jet. The placement of the SIMPLEX atomizers in this configura-
tion is constrained by the geometric parameters of the baseline
combustor. RANS-based CFD analysis of this configuration [35] showed
inadequate mixing of the fuel and oxidizer in the combustor leading to
the formation of fuel-rich regions in the ORZ. Future studies may apply
these insights to optimize the injector placement to improve the mixing
and distribution of the fuel spray within the combustor.

3.1.2. Atomizer characterization
The SIMPLEX atomizer was characterized under non-reacting con-

ditions using kerosene. The injection pressure (ΔP) at the atomizer inlet
was varied, and the corresponding mass flow rate was recorded. The
pressure-flow rate relationship of the atomizer is presented in Fig. 3.
Pressure measurements were conducted using a standard Bourdon tube
gauge of class 2.5, with a total relative uncertainty of ±10 % accounting
for the gauge’s precision (±2 psi). Flow measurements exhibited a total
propagated relative uncertainty of ±6 % within the experimental con-
ditions outlined in Table 2.

It was observed that a minimum ΔP of 2 bar-gauge (bar-g) was
needed to produce a spray, limiting the minimum flow rate of kerosene
spray to 3.5 g/min (~2.5 kW) per injector. Consequently, fuel blends
with Rh values between 40 % and 100 % could not be covered in this
study. This limitation can be overcome by employing atomizers rated for
even smaller flow rates and/or by modifying the experimental setup to
support higher overall power.

Using the experimentally determined pressure-flow rate curve, var-
iations in spray quality at ambient conditions under different fuel blends
were computed through well-established empirical correlations. The
Sauter Mean Diameter (SMD or D32), a standard metric representing the
volume-to-surface area ratio of the spray, is conventionally used as a
surrogate for spray quality in heat and mass transfer applications [36].
Its variation with ΔP is calculated using Eq. 1 [37] and is shown in Fig. 4.

SMD = 2.25 ∗

(
σL ∗ μL ∗ ṁL

ΔP2 ∗ ρA

)0.25

(1)

Table 2
Flow rates of fuel (ṁH2 and ṁkero) and air (ṁair), resulting bulk-flow velocity in
the MT (Vb), and the equivalence ratio of H2/air mixture in the MT(φMT,H2) for
different fuel mixtures tested at constant power and overall equivalence ratio
setting.

Power = 9kW and φoverall = 0.4

Rh ( %) ṁH2 (g/min) ṁKero (g/min) ṁair (g/min) Vb (m/s) φMT,H2 (-)

100 % 4.46 0.0 383 12.7 0.400
40 % 1.79 7.5 428 12.9 0.143
30 % 1.34 8.8 436 13.0 0.105
20 % 0.89 10.0 444 13.0 0.069
0 % 0.00 12.5 459 13.1 N/A
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where, σL, μL, ṁL, and ΔP are surface tension [N/m], dynamic viscosity
in [kg/ms], mass flow rate [kg/s], and injection pressure [Pa] of kero-
sene at atomizer inlet respectively while ρA [kg/m3] is the density of air.

Furthermore, based on the estimated SMD values, the droplet size
distribution within the spray is determined assuming a Rosin-Rammler
distribution. A spread parameter of 3.1 is used for these evaluations,
as reported in [38]. The estimated values of SMD and droplet size dis-
tribution for the kerosene blends investigated are summarized in
Table 3. The propagated uncertainty in these estimations was deter-
mined to be ±7 % within the range of experimental conditions explored
in this study.

The expected variations in initial spray quality at injection across
different cases are evident from the results shown in Table 3. As Rh in-
creases, the fraction of kerosene energy and its mass flowmust decrease,

which is achieved by reducing the ΔP at the atomizer inlet. However,
this reduction in injection pressure causes the SMD of the spray to in-
crease, leading to a deterioration in spray quality. Predicting the overall
impact of this deterioration on the combustion properties is not
straightforward, as the presence of H2 in the fuel blends may counteract
some of the adverse effects of reduced atomization quality to varying
extents, as will be discussed in Section 3.2. Based on the values reported
in Table 3, the estimated SMD of the spray increases by ~20 % between
the edge cases of pure kerosene and the fuel blend with Rh= 40%, while
the variation in the SMD between the blended cases is not very signifi-
cant (<10 %).

3.2. Reacting flow conditions

3.2.1. Optical characteristics of the kerosene-H2 flame
The investigation of multi-phase, multi-fuel flames in a practical

combustor configuration provides valuable insights into the effects of
kerosene-H2 blending and uncovers novel aspects of the underlying
physics of the combustion process. Fig. 4 presents a series of three
instantaneous, time-uncorrelated flame images corresponding to the
fuel mixtures detailed in Table 2. The images are arranged in rows to
illustrate the temporal fluctuations in the observed flame structures,
with the column representing the varying fuel conditions. A video
compilation of these flames is included in the supplementary material of
this article.

While the H2 flame (Rh= 100%) appears relatively steady, the multi-
fuel flames exhibit visible fluctuations driven by the complex multi-
phase, thermo-chemical interactions. As noted in [39], the local equiv-
alence ratio inside a spray flame can vary significantly depending on the
relative time scales of the underlying physical processes (transport,
evaporation, and mixing) and the chemical processes involved in com-
bustion. As a result, a spray flame could simultaneously display several
flame structures. These have been broadly divided into three categories
in the literature [40]: a) external combustion, with a continuous flame
surface engulfing (partially or fully) the droplets and the evaporating gas
phase (e.g. Fig. 4 Row 2, Rh = 0 %), b) group combustion, where droplet

Fig. 2. Time averaged velocity field in the axial plane under non-reacting conditions. Integrated streamlines and colour contours of vertical velocity component
superimposed with unperturbed spray plumes from the kerosene injectors is shown in the main image. A magnified view of the swirling jet emerging from the MT and
the resulting ISL and OSL is shown in the left inset.

Fig. 3. Variation in the atomizer throughput and the estimated SMD of the
resulting spray from the SIMPLEX atomizer at various injection pressures tested
at ambient temperature.

K. Dave et al. Fuel Communications 23 (2025) 100139 

5 



clusters are surrounded by separate flames (e.g. Fig. 4 Row 3, Rh= 40%)
and c) hybrid combustion mode, a combination of the previous two
modes (e.g. Fig. 4 Row 3, Rh = 20 %).

Fig. 5 presents average flame images calculated from the blue
component of approximately 800 uncorrelated instantaneous images
captured by the DSLR camera as explained in Section 2.2.1. These time-
averaged images effectively illustrate and compare the changes in the
flame topology across varying fuel mixtures. The subsequent discussion
focuses on examining the changes produced by different fuel mixtures

on the optical properties of the flame, particularly its appearance (color
and luminosity) and its topology (shape and size).

Before proceeding with the flame image analysis, two minor aber-
rations in Fig. 5 should be noted. For Rh = 30 % and Rh = 40 %, a
discontinuity in the intensity contours (pinching) appears in the region
1<y/DMT<3, attributed to soot particle accumulation on the combustor
wall. Additionally, the average image for Rh = 20 % shows an asym-
metrical deflection to the top left corner, likely caused by fluctuations in
the spray pattern from the two fuel nozzles. These aberrations, specific
to the experiment, do not affect the analysis of flame topology across
different fuel blends and are therefore considered within acceptable
limits.

a. Flame color and luminosity

The flames under pure H2 (Rh = 100 %), pure kerosene (Rh = 0 %),
and blended cases, as depicted in Fig. 4, show distinctly different spec-
tral characteristics (color). The pure H2 flame exhibits a red-blue hue,
typical of H2 combustion under lean premixed conditions [41]. The pure
kerosene flame, consistent with observations reported in the literature

Fig. 4. Instantaneous snapshots of the multi-phase, multi-fuel flames with decreasing H2 content (left to right), obtained at the conditions described in Table 2.

Table 3
Expected variation in spray parameters for the different kerosene blends
investigated in the study.

Rh (
%)

ΔP (bar-
g)

SMD
(μm)

X
(μm)

D0.05

(μm)
D0.5

(μm)
D0.95

(μm)

40 % 2.2 33 44 17 39 62
30 % 2.8 30 40 15 36 58
20 % 3.2 29 39 15 34 55
0 % 4.6 26 34 13 30 49
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[32], shows two distinct regions within each lobe (Fig. 4, Row 2, Rh =

0 %): 1) a blue-flame region immediately following the spray and 2) a
yellow (sooty) flame region farther downstream in the combustor. The
blue-flame region is ascribed to evaporating fuel droplets burning in an
excess of oxidizer supplied from the mixing tube. The blue color arises
from chemiluminescence emissions of CH*, and C2* radicals. Soot
chemistry, involving the formation of long-chain compounds, progresses
relatively slowly, leaving the initial part of the flame free of the lumi-
nous appearance typical of sooty flames. As the reactants progress
further downstream in the combustor, soot concentration is observed to
increase, giving the flame a bright yellow appearance.

In contrast, the flames under blended fuel conditions (Rh = 20 %, 30
%, and 40 %) differ from both pure fuel cases, exhibiting a sooty (dull
yellow) appearance from the outset, as shown in Fig. 4. The absence of
the initial blue-flame region in the blended cases can be attributed to
two factors. First, the relative concentration of oxidizer in the ORZ may
be lower because a part of it would get consumed by the premixed H2.
Second, previous studies [42,43] have reported that the sooting ten-
dency of hydrocarbon flames shows a positive correlation with reactant
temperature. It is shown in [35] that, in comparison to pure kerosene
flame, the temperature in the ORZ is significantly higher under blended
conditions (due to the heat released fromH2 combustion reactions). This
increase in local availability of heat near the fuel injectors likely en-
hances the evaporation of fuel droplets, causing combustion to occur
under fuel-rich conditions in the ORZ which moves the soot inception
point closer to the fuel injection location.

Furthermore, a variation in luminosity is seen among the kerosene
cases by observing Fig. 4 and Fig. 5. As Rh decreases, there is a
discernable increase in flame luminosity with the flames changing from
a dull yellow appearance under blended conditions to a bright yellow
appearance under the pure kerosene case. This change is most promi-
nently seen when comparing Fig. 4 Row 2, Rh = 20 % with Fig. 4 Row 2,
Rh = 0 %. This trend correlates well with the expected reduction in soot
production with H2 addition as previously reported in the literature [27,
44–46]. This reduction is primarily attributed to two effects: the sub-
stitution of hydrocarbon fuel with H2 and the increased availability of
free radicals in the combustor, promoting more complete oxidation as Rh
rises.

It is important to acknowledge the potential influence of the line-of-
sight effect inherent to the DSLR images employed in this study. This
aspect may partly contribute to the noted variations in luminosity,
particularly in the case of pure kerosene where flames are confined to a
smaller section of the combustion chamber. Such confinement could
cause the flame to appear more intense due to signal integration along
the line of sight. Nevertheless, quantitative measurements reported in

the literature [27,44–46] support the hypothesis that the observed
change in flame luminosity arises from the reduced soot formation
tendency as the Rh value in the fuel mixture increases.

b. Flame topology

A clear difference in flame topologies can be observed in Figs. 4 and 5
. In all cases with Rh > 0 %, a single contiguous flame zone is observed,
swirling about the central axis. In contrast, for pure kerosene (Rh= 0%),
lobed flame zones with two distinct lobes/wings are evident. Similar
changes in flame shapes are also seen in the results of the RANS simu-
lations reported in [35]. A change in fuel distribution in the combustor
and the resulting changes in the heat release pattern are considered the
likely cause of this effect. At the outset of this discussion, a simplifying
assumption is made: the multi-fuel cases are treated as a superposition of
a kerosene spray flame and a swirling H2 flame, with their interaction
limited to heat transfer. This assumption is based on the premise that the
physical characteristics of the flame, such as topology, are primarily
influenced by thermo-fluidic effects in the combustor, rather than the
chemical effects of H2 blending.

Fig. 5 distinctly shows that even the smallest amount of H2 tested in
the study significantly alters the topology of the pure kerosene spray
flame, transitioning it from a lobed structure stabilizing over the two
injectors to a single swirling flame zone. However, as reported in
Table 3, the estimated spray quality is comparable in both these cases,
with the SMD showing only a slight increase in the multi-fuel case. This
suggests that, under similar flow conditions in the combustor, the fuel
droplets in the pure kerosene case would be expected to track the flow
more effectively than those in the multi-fuel case. Considering the in-
jection location of the fuel spray (refer to Fig. 2), droplets that can track
the flow more effectively can be expected to be entrained in the toroidal
recirculation region formed by the ORZ, and result in a more swirling
flame structure. However, the actual flame topology observed during the
experiment shows a contrary trend and therefore, the initial spray
quality alone cannot explain the observed trends.

The changes in flame topology can be better explained by consid-
ering the effect of H2 blending on the heat release pattern and droplet
transport. In the multi-fuel cases, H2 is injected into the MT and enters
the combustor premixed with air, resulting in the formation of a central
flame that is likely anchored in the ISL and OSL. The hot product gases
from this flame are entrained into the recirculation zones, thereby
enhancing the evaporation andmixing of kerosene droplets injected into
this region. In contrast, for the pure kerosene case (Rh = 0 %), the
swirling jet lacks premixed gaseous fuel, and thus, no central flame is
formed. The temperature fields reported in [35] support this reasoning,

Fig. 5. Time-average intensity contours of the flame with varying levels of Rh.
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showing a temperature difference of several hundred degrees between
the blended and pure kerosene cases. This strongly suggests that the fuel
droplets in the multi-fuel cases are met with higher temperatures after
their injection, which would promote faster evaporation compared to
those in the pure kerosene case. This increased evaporation rate com-
pensates for the initial differences in spray quality across the different
cases and reduces the overall size distribution in the multi-fuel cases
after injection. It is well-known in literature [47,48] that the tracking
effectiveness of droplets entrained in multi-phase flow increases as their
size decreases. Consequently, the smaller fuel droplets in the multi-fuel
cases follow the swirling flow in the ORZ more effectively and get
entrained in the toroidal recirculation zone. In contrast, the relatively
slow evaporating droplets in the pure kerosene case are less likely to get
entrained in the ORZ and are instead transported downstream into the
combustor, resulting in the lobed/winged flame topology in the pure
kerosene case, as shown in Fig. 4 and Fig. 5.

Finally, the last visible change that can be observed in the flames
under different fuel blends is the variation in flame height, as illustrated
in Fig. 5. The spatial dimensions of the average flames are normalized
using the diameter of the MT. The flame height for the pure H2 case (Rh
= 100 %) is observed to be ~2 DMT, while the pure kerosene case (Rh =

0 %) reaches ~8 DMT. The heights of the multi-fuel flames fall in the
intermediate range of 5 – 6 DMT. The ongoing discussion on the changes
in the heat release pattern and droplet transport within the combustor is
also applicable here and it is partly responsible for this variation. The
increased entrainment of fuel droplets into the ORZ under the multi-fuel
cases results in the flames being confined to a shorter region of the
combustor. In contrast, in the pure kerosene case, the fuel droplets are
transported further downstream in the combustor along with the
expanding jet, resulting in a taller flame structure. The variation in flame
height is partly also caused by higher mixture consumption speeds due
to H2 blending [8,9]. Although it is difficult to assess the level of pre-
mixing in a multi-phase, multi-fuel setup, there is certainly an increase
in the effective burning speed as the Rh value increases, primarily due to
the partial mixing and preheating of a portion of the liquid fuel under-
going spray combustion.

3.2.2. Acoustic characteristics of the kerosene-H2 flame
In addition to the changes in the flame topology, it was also found

that variations in fuel mixture affect the acoustic emissions of the
combustor. Table 4 lists the variation in the RMS amplitude calculated
from 10-second-long audio signals under varying fuel conditions. To
highlight the variations in intensity across different cases, the results are
expressed as relative sound pressure levels in decibels (Δ dB SPL),
calculated using Eq. 2. The pure H2 case was chosen as the reference
because it demonstrated the highest RMS amplitude.

Δ SPLRh = 20 ∗ log10
(

RMSRh
RMSRh=100 %

)

(2)

It is observed that the pure kerosene case (Rh = 0 %) exhibited the
second-highest acoustic intensity. The reduction in this case is ~3.8 dB
and represents a decrease of 58 % in the acoustic intensity in comparison
to the pure H2 case. Moreover, a decrease of ~7.4 dB (80 %) relative to
the pure H2 case and ~3.6 dB (55 %) relative to pure kerosene was
observed when the combustor was operated in a multi-fuel regime.

Amongst the three multi-fuel cases, an increasing trend in the RMS
amplitude is observed as Rh increases.

The reduction in the RMS amplitude of the acoustic emissions can be
understood further by comparing the power spectrum in the frequency
domain. Fig. 6 shows the relative power spectral density (PSD) for the
pure H2 (Rh = 100 %), pure kerosene (Rh = 0 %) and blended fuel case
(Rh = 40 %). Additionally, a compilation of audio samples for these
cases is included in the supplementary material of this article. Again, the
results are shown relative to the loudest tone observed in the pure H2
case at 300 Hz frequency. In this case, a reduction of 10 dB would
indicate a 10-fold decrease in acoustic intensity compared to the refer-
ence value.

The acoustic spectrum originating from the combustor exhibits
noticeable changes under different fuel conditions. For pure H2 (Rh =

100 %) and pure kerosene (Rh = 0 %), a strong tonal signature is
observed, with prominent peaks at the higher harmonics of 150 Hz. This
fundamental frequency is likely associated with the resonant frequency
of the combined system of the combustion chamber and exhaust duct,
approximated as a 2.4 m long open pipe.

In contrast, these tonal components are significantly suppressed
(10–20 dB reduction) in the multi-fuel cases, particularly at 300, 900,
and 1500 Hz. While the broadband amplitude is slightly higher in the
multi-fuel cases (evidenced by the blue line (Rh = 40 %) generally lying
above the green (Rh = 100 %) and brown (Rh = 0 %) lines in Fig. 6), the
suppression of tonal peaks markedly reduces the overall RMS amplitude
of the signal, as shown in Table 4.

A similar trend was observed in [24] where it is reported that
introducing a small fraction of H2 suppresses the low-frequency tones
observed in the case of pure kerosene operation. The underlying cause
for these observed changes in the acoustic emissions of the combustor
(strong tonality under pure fuel cases vs broadband emissions in blended
fuel cases) is not fully understood and deserves future investigations.

4. Conclusion

This study investigates the macroscopic properties of kerosene-H2
blended flames in a multi-phase, multi-fuel combustor, with a focus on
exploring the effects of increasing Rh on flame behavior. This is achieved
through a series of reacting and non-reacting experiments. The baseline
flow field under non-reacting conditions is characterized using PIV,
revealing the outer and inner recirculating regions and potential spray-
swirl interactions. Additionally, atomizer performance is also assessed
under non-reacting conditions to estimate variations in spray quality
across different fuel blends. The flame structure is visualized through
imaging, and acoustic emissions are recorded using amicrophone. While
practical limitations on the flow rate of the atomizers restricted the

Table 4
Comparison of the RMS amplitude and the relative intensity level of the recor-
ded acoustic signal measured over a duration of 10 seconds.

Rh [ %] RMS amplitude [arb. units] Relative Intensity [Δ dB SPL]

100 % 0.87 0.00 (Reference)
40 % 0.38 -7.12
30 % 0.37 -7.49
20 % 0.36 -7.67
0 % 0.56 -3.84

Fig. 6. Relative power spectral density of the acoustic signal recorded during
operations of the combustor at Rh = 100 %, 40 % and 0 %. The reference SPL
level is taken at Rh = 100 % and frequency = 300 Hz.
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maximum value of Rh to 40 %, the study demonstrates that a full range
of kerosene-H2 blends can be tested within the present configuration.
The findings underscore the distinctly different flame properties
observed under pure H2, pure kerosene, and blended fuel regimes.

From a combustion perspective, faster evaporation and mixing of
kerosene are promoted by increasing Rh, leading to changes in fuel
transport within the combustor and ultimately in the flame topology.
The addition of H2 also impacts the sooting tendency of the flame,
altering the location of soot inception (as evidenced by color changes)
and reducing soot formation (indicated by changes in flame luminance).

Furthermore, the acoustic analysis shows that pure fuel conditions
exhibit distinct tonal behavior, while blended fuels display broadband
characteristics. In the multi-fuel regime, overall acoustic emissions are
reduced by 80 % compared to pure H2 and by 55 % compared to pure
kerosene. Despite a slight increase in broadband noise levels, this
reduction is primarily due to the suppression of tonal components at
300, 900, and 1500 Hz. The mechanisms underlying these changes
remain unclear and warrant further investigation.

This study provides novel insights into the effects of high levels of H2
blending on flame behavior and acoustic emissions in a multi-phase,
multi-fuel combustor, an area that remains underexplored in the liter-
ature. Future work will focus on further exploring the interactions be-
tween kerosene droplets and H2 flames, and understanding the
underlying mechanisms driving the observed changes in flame topology
and acoustic signature.
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[5] G. Corchero, J.L. Montañés, An approach to the use of hydrogen for commercial
aircraft engines, 10.1243/095441005×9139 219 (2005) 35–44. https://doi.org/10
.1243/095441005×9139.

[6] Degirmenci H, Uludag A, Ekici S, Karakoc TH. Challenges, prospects and potential
future orientation of hydrogen aviation and the airport hydrogen supply network:
A state-of-art review. Prog Aerosp Sci 2023;141:100923. https://doi.org/10.1016/
J.PAEROSCI.2023.100923.

[7] Baroutaji A, Wilberforce T, Ramadan M, Olabi AG. Comprehensive investigation on
hydrogen and fuel cell technology in the aviation and aerospace sectors. Renew
Sustain Energy Rev 2019;106:31–40. https://doi.org/10.1016/J.
RSER.2019.02.022.

[8] Xu C, Wang Q, Li X, Liu K, Liu W, Oppong F, Sun ZY. Effect of hydrogen addition on
the laminar burning velocity of n-decane/air mixtures: experimental and numerical
study. Int J Hydrogen Energy 2022;47:19263–74. https://doi.org/10.1016/J.
IJHYDENE.2022.03.290.

[9] Oppong F, Li X, Xu C, Li Y, Wang Q, Liu Y, Qian L. Investigation on n-decane-
hydrogen laminar combustion characteristics using the constant volume
combustion method. Int J Hydrogen Energy 2024;53:1350–60. https://doi.org/
10.1016/J.IJHYDENE.2023.11.361.

[10] Derakhshandeh P, Ahmadi A, Dashti R. Simulation and technical-economic-
environmental optimization of the General Electric GE90 hydrogen turbofan
engine. Int J Hydrogen Energy 2021;46:3303–18. https://doi.org/10.1016/J.
IJHYDENE.2020.10.182.

[11] X. Wang, A. He, Z. Hu, Transient modeling and performance analysis of hydrogen-
fueled aero engines, processes 2023, Vol. 11, 423 11 (2023) 423. https://doi.org
/10.3390/PR11020423.
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