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ARTICLE INFO ABSTRACT
Keywords: Advanced fuel injection systems are vital for improving combustion performance and reducing emissions in
Additive manufacturing liquid-fuel-powered, high-momentum jet-stabilised combustion systems. This paper introduces an additively

Annular p-slit injector
Spray atomisation
Jet-stabilised combustion
Micro gas turbine

Hybrid aero-engine concept

manufactured (AM) p-scale annular slit injector with a nominal gap width of 50pm, realised by laser
powder bed fusion in Inconel 718. p-XRCT measurements confirm a manufacturable width of 52pm and
reveal a transition towards statistically isotropic circumferential discharge at the slit exit. Compared with
conventional dual airblast injection (AB), the p-slit topology generates more uniformly fine droplets (ds, ~
10 pm) and a markedly reduced radial asymmetry in fuel placement. The homogenised annular fuel discharge
suppresses sectional bias and intermittency at the nozzle edge while enhancing fuel-air mixing, redistributing
clustering length scales, and promoting more robust combustion across variations in jet velocity and fuel
loading. Structural variants, e.g., p-bumps and a low-swirler configuration, further modulate near-field multi-
phase interaction and flame anchoring while enhancing overall flame homogeneity. This mixing-optimised
stabilisation enhances the symmetry of the OH*-marked heat-release structures and enables stable low-NOy
combustion under lean atmospheric conditions. The injector operates with a comparatively low pressure
drop with excellent reproducibility across all investigated mass flow rates, facilitating a wide dynamic
operating range, yet heat transfer within the p-channels under elevated preheating conditions requires further
investigation. These results establish the AM p-slit injector as a scalable low-emission architecture for compact,
jet-stabilised micro gas turbine and hybrid aero-engine combustors.

1. Introduction energy systems [2-4]. Within this framework, gas turbine (GT) sys-
tems represent a mature yet adaptable platform capable of accom-
As renewable energy sources increasingly penetrate the global en- modating a broad range of carbon-neutral fuels, including hydrogen

ergy mix on the pathway towards a decarbonised society, the estab- (H,), ammonia (NH;), bio-derived fuels, and sustainable aviation fuels

lishment of robust transition strategies that couple existing power- (SAF), across power generation, transportation, and industrial applica-

generation infrastructure with zero-carbon technologies has become tions [5-7]. However, the ongoing diversification of chemical energy

imperative [1]. The rapid growth of energy-intensive digital infras- carriers imposes stringent requirements on GTs and other thermo-

tructure, including large-scale data centres and high-performance com- chemical conversion systems, necessitating the optimisation of fuel

puting facilities driven by artificial intelligence workloads, further delivery and injection hardware to ensure high fuel flexibility and scal-

amplifies the demand for reliable, dispatchable, and high power-density ability, while simultaneously minimising cost, maximising efficiency,

and reducing emissions. In this context, additive manufacturing has
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Pressure drop across fuel injector

Voxel size

Local fuel feeding rate

Liquid fuel mass flow rate

Dynamic viscosity

Kinematic viscosity

Equivalence ratio

Normalised cross-correlation coefficient
Density

Surface tension

Flame area asymmetry

Droplet diameter

Arithmetic mean droplet diameter
Sauter mean droplet diameter
Combustor nozzle inner diameter
Wasserstein distance of droplet size
Wasserstein distance of local fuel feeding
rate

Wasserstein distance of OH* intensity
Classical cluster-resolved group combustion
number

Voronoi-based cluster-resolved group com-
bustion number

Height of u-structure

Normalised angular entropy

Intensity population of p-XRCT image
Maximum OH*-CL intensity
Instantaneous OH* intensity at pixel (i, j)
Turbulence kinetic energy

Axial location of maximum OH* intensity
Characteristic cluster length scale
Inter-droplet spacing

Flame lift-off height

Axial length of the outer vanes

Probe length scale

Axial distance of the outer vanes from the
AB edge

Wall-film length

Lewis number

Number of radial pixels

Cluster number-density parameter
Ohnesorge number

Droplet Reynolds number

Slip Reynolds number

Non-dimensional droplet separation
Schmidt number

Inter-droplet arrival time

Air preheating temperature

Slit gap thickness

Air jet bulk velocity

Radial velocity component
Circumferential velocity component
Axial slip velocity

Axial velocity component

Slip Weber number

Radial coordinate

Circumferential coordinate

Axial coordinate

AB Airblast

AM Additively manufactured

CL Chemiluminescence

GT Gas turbine

HMJC High-momentum jet-stabilised combustion
MGT Micro gas turbine

OH*-CL Hydroxyl chemiluminescence

PDI Phase Doppler interferometry

PJSB Piloted jet spray burner

PS Pressure-swirl injector

emerged as an enabling technology for advanced GT hardware, offering
design freedom for complex, flow-optimised geometries with reduced
assembly constraints and potential reductions in material usage and
manufacturing cost [8-10].

In practical burner applications, this design freedom enables novel
geometries that integrate turbulence-generating structures with fuel in-
jection features to influence mixing and stabilisation processes, beyond
the constraints of conventional manufacturing. For turbulence tuning
on gas-phase fuel and air concepts, Giuliani et al. demonstrated that
additively manufactured (AM) swirler designs can outperform their
conventionally manufactured counterparts, particularly under lean op-
erating conditions approaching the flammability limit [11]. Rajasegar
et al. reported AM meso-scale combustors for premixed CH, flames
stabilised by swirling jets, achieving superior power density, combus-
tion performance, and emission characteristics compared to macro-
scale configurations [12]. Extending these concepts to smaller scales,
Kim et al. reviewed the development of AM-based micro-mix burn-
ers for aero-engine applications with hydrogen premixed combustion,
highlighting substantial performance gains achieved through combined
numerical optimisation and experimental validation [13]. For accom-
modating various gaseous fuels, Durocher et al. introduced an AM
micro-mix nozzle capable of operating with fuels from pure CH, to
H,, demonstrating stable combustion across various mixing concepts
with high fuel flexibility, broad stability limits, and low susceptibility to
combustion instabilities [14]. Recent advances further demonstrate that
AM space-filling injector micro-structures can decouple mixture forma-
tion from fuel properties, thereby promoting homogeneous mixing prior
to flame interaction [15]. Collectively, these studies show that additive
manufacturing expands the design space for controlling fuel-air mixing
and stabilisation in gaseous combustion systems.

Despite advances in fuel and flow modulation, the application of ad-
ditive manufacturing to liquid fuel injectors faces significant challenges
in achieving effective atomisation, which directly governs evapora-
tion and combustion performance. These challenges include achieving
nozzle dimensions below 200 pum for MGT applications, maintaining
manufacturing tolerances within single-digit micrometres, and under-
standing the effects of surface roughness to mitigate flow disturbances
and coking tendencies. Guddati et al. emphasised the difficulty of
creating structures with feature sizes smaller than 100 pm using ad-
ditive manufacturing, identifying it as a significant limitation [16].
Crayford et al. [17] investigated AM airblast (AB) liquid atomisers by
analysing droplet size distributions and highlighted surface roughness
as a potential factor affecting performance. Additionally, Adamou et al.
evaluated an AM fuel vaporisation injector featuring 200 pm holes
through numerical and experimental approaches, demonstrating more
complex combustion behaviour [18]. Nonetheless, overcoming these
manufacturing challenges and rigorously assessing extreme design so-
lutions are essential to enable injector concepts that decouple fuel-air
mixing from intrinsic fuel properties, thereby facilitating seamless oper-
ation across both gaseous and liquid fuels without requiring structural
modifications [15,19].



Y. Kang et al.

Slit-shaped channels have been investigated across a broad spec-
trum of propulsion and combustion applications, including internal [20],
combustion engines [21], rocket and detonation thrusters [22], and
flashback [23] and leakage studies [24] for both liquid and gaseous
fuels, owing to their precise injection, area control, simple and compact
design, modular scalability, and uniform stress distribution. In the GT
context, single-slit configurations with widths between 0.6 mm and
2 mm have been utilised with H,/air premixed flames to establish
global flashback thresholds and develop empirical correlations [25].
Lee and Kim further demonstrated flashback resilience of H,/air pre-
mixed flames and thermoacoustic dynamics using a 1.5 mm multi-
slit injector under GT-relevant conditions [26]. Moving to liquid-fuel
systems, Lefebvre introduced a prefilming air-blast slit injector that
spreads fuel into a thin film for rapid atomisation [27]. Subsequent
pioneering work by Sattelmayer and Wittig examined the effects of
fluid viscosity and surface-tension on atomisation characteristics under
atmospheric conditions [28,29]. Bhayaraju and Hassa later extended
this concept by investigating 0.3 mm slit geometries in both prefilming
and non-prefilming AB atomisers under elevated pressure and velocity
conditions [30]. Kumar and Sahu then characterised jet-breakup modes
in coaxial AB injectors with 1.5 mm slits, correlating regime shifts
with aerodynamic Weber number and momentum flux ratio [31].
Despite these advances, producing sub-millimetre slit widths capable of
generating intrinsic micrometre-scale liquid films (< 100 pm) remains
beyond the reach of conventional machining. Consequently, the fun-
damental interaction between such ultra-fine, swirl-free liquid films
and high-momentum jets under GT-relevant conditions has not been
systematically investigated, although mixing and flame anchoring in
such flows are governed by jet-induced shear, turbulent entrainment,
and momentum flux interactions.

High-momentum jet-stabilised combustion (HMJC) systems are well
suited for a diverse fuel market, from 100% hydrogen (H,) to extra-light
heating oil, while maintaining low non-CO, emissions through en-
hanced jet-shear layer mixing and distributed reaction zones [32-34].
The approach has been successfully scaled to micro gas turbines (MGT)
with gaseous fuels [35,36] and applied in configurations ranging from
industrial furnace burners to aero-engine combustor concepts [37,38].
Realising liquid fuel-based jet-stabilised combustion requires optimised
spray atomisation and homogeneous fuel-air mixing to minimise non-
CO, emissions, particularly NOy and particulate matter. Recent studies
have demonstrated the scalability and fuel flexibility of liquid-fuel jet-
stabilised combustors using dual AB injectors [34,39-41]. However,
when a hollow-cone spray is integrated into an AB wall configuration
for prefilming, its atomisation behaviour is governed by the internal
injector geometry, i.e., tangential or axial inlet ports, a swirl chamber,
converging passages, and an exit orifice, which induce strong angu-
lar momentum and pressure gradients within the nozzle [42-45]. In
addition, the injector itself acts as a bluff body to the external flow,
further contributing to the rise of local velocity gradients and coherent
flow structures [46-48]. These flow structures can suppress radial fuel
dispersion and secondary atomisation, generating complex recircula-
tion zones and local stagnation regions. The resulting droplet clustering
and mixture stratification, which become most prominent during part-
load operation, lead to non-uniform evaporation rates and heat-release
distributions, thereby degrading combustion efficiency, compromising
flame stability, and increasing NOy and unburnt hydrocarbon (UHC)
emissions. To address these drawbacks, fuel-air mixing lengths and
injection positions have been systematically varied under different
fuel properties and operating conditions [34,41]. Dual AB schemes
achieve rapid primary atomisation and yield NOyx and CO emissions
comparable to those in premixed methane fuelled systems. Meanwhile,
low circumferential forcing has been introduced to enhance fuel-air
mixing uniformity and flame stabilisation [40,47,49], thereby reducing
droplet size, broadening radial fuel dispersion, shortening flame length,
and lowering emissions. However, deploying dual AB injectors with
additional structural modulations in densely packed multi-nozzle arrays
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Fig. 1. Schematic of the developed single-nozzle piloted jet spray burner
(PJSB), with arrows indicating the liquid and gaseous flow directions. The
individual components are colour-coded for clarity. The coordinate system
origin is located at the centre of the combustor nozzle exit. Section A-A
illustrates the annular configuration of the additively manufactured (AM) p-slit
injector integrated at the centre of the combustor nozzle.

for high-momentum jet-stabilised combustion systems in MGTs and
future hybrid aero-engine concepts introduces substantial challenges in
terms of scalability and operational complexity.

To overcome these limitations, we depart from conventional dual
AB-based atomisation concepts and introduce an AM p-scale annular
slit injector that pushes the liquid fuel discharge scale below 100 pm,
generating a swirl-free, ultra-thin annular liquid film for shear-driven
atomisation in a high-momentum jet. The geometric fidelity of the
nominal 50 pm slit is verified using micro X-ray computed tomography
(p-XRCT). The study examines how the microscale annular film redis-
tributes droplet size and fuel placement, and how it influences reaction-
zone structure and flame anchoring in jet momentum-dominated flows
across different injector configurations. Droplet-laden flow fields are
characterised using shadowgraphy and phase Doppler interferometry
(PDI), while combustion dynamics are analysed via time-resolved OH*
chemiluminescence. Hydraulic losses and NOy emissions are quantified
to assess practical performance.

2. Experimental and diagnostic setup

This section describes the additively manufactured (AM) p-slit in-
jector and its structural characterisation, the custom-built single-nozzle
piloted jet spray burner (PJSB) [40] together with its operating condi-
tions, and the corresponding diagnostic setup.

2.1. Burner facility

A schematic of the developed atmospheric single-nozzle piloted jet
spray burner (PJSB) is shown in Fig. 1. The burner provides well-
defined, independently controllable boundary conditions for spray com-
bustion studies over a wide range of operating conditions [50]. The
origin of the coordinate system is defined at the centre of the combustor
nozzle exit, with the axial direction aligned with the main airflow and
the radial direction defined outward from the burner axis.

Upstream of the combustor nozzle, the main combustion air passes
through a pre-conditioning plenum in which large-scale flow non-
uniformities are attenuated by means of multiple flow deflections and
a porous plate. The flow is subsequently accelerated through a contrac-
tion nozzle designed according to established wind-channel criteria in
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order to minimise separation and ensure a uniform exit profile [51].
The main combustor nozzle has an inner diameter of D,=12mm
and an outer diameter of 16 mm. The primary combustion air is
regulated by a calibrated mass flow controller (Bronkhorst, In-Flow
series, +0.5%), enabling accurate control of jet velocity. Additionally,
the air can be preheated up to 800K (measured within the contrac-
tion nozzle exit) using a PID-controlled electric inline heater (Leister
LE 10000 DF-R, +0.7%).

The main assembly incorporates a centrally mounted liquid fuel
injection system. Liquid fuel (Jet-A1) is introduced through three fuel
inlet ports and conveyed via an internal fuel distribution channel (in-
dicated in the yellow region, see Fig. 2). Section A-A in Fig. 1 provides
a detailed cross-sectional view of the combustor nozzle assembly inte-
grated with the annular AM p-slit injector. In the conventional dual AB
injector configuration, fuel is supplied via a centralised water-cooled
lance, maintaining a temperature of 315K (+0.5%) at the injector tip.
Further details of the injector configuration are provided in previous
work [40]. The liquid fuel is delivered from a nitrogen-pressurised
reservoir, with the upstream pressure stabilised using a precision di-
aphragm regulator (Hornung, DH1 series) and fine-tuned via a pressure
vent valve. The resulting liquid mass flow rate is monitored and reg-
ulated using a Coriolis-type mass flow controller (Bronkhorst, mini
CORI-FLOW series, +0.5%).

The co-annular pilot burner surrounds the main combustor noz-
zle, providing a continuous ignition source for stabilising the spray
jet flame, under atmospheric open-configuration conditions. The pilot
flame operates with a premixed gaseous blend of 80%,,, H, / 20%,,,
CH, / air. Homogenisation of the mixture is achieved through a ded-
icated gas mixing and flow distribution unit, which simultaneously
functions as a flashback arrestor [50]. The mixture is introduced into
the pilot plenum and discharged circumferentially through tilted holes
and AM porous media to form a stable annular flame. A shield-air
sintered plate installed in the outer annular region protects the nozzle
exit from ambient disturbances. Each pilot gas stream is indepen-
dently regulated by calibrated mass flow controllers to allow precise
adjustment of equivalence ratio and thermal load.

This modular PJSB configuration enables independent control of
jet temperature and velocity, liquid fuel injection, and the enthalpy of
the entrained hot gases, thereby providing a reproducible platform for
systematic spray-flame investigations.

2.2. AM p-slit injector and modified design parameters

A schematic of the developed novel AM p-slit injector is presented
in Fig. 2(a) and (b). The injector is fabricated using a laser-based
powder bed fusion (PBF-LB/M) system (TruPrint 1000, TRUMPF) with
a maximum laser power of 200 W and a laser spot diameter of 30 pm.
Inconel 718 powder supplied by Carpenter Technology Corporation is
utilised as feedstock material, featuring a particle size d,) distribution
of d,;p=24pm, d,5,=36pm, and d, 4, =47 pm [52]. The material is
selected due to its high-temperature and oxidation resistance, making
it suitable for combustion applications.

Liquid fuel is conveyed into the plenum and radially distributed
into a co-annular fuel channel via three supply ports (see yellow
region in Fig. 2). The fuel then passes through a gradually contracting
channel into a 2 mm long (/, ,.,) annular micro-slit, which promotes
circumferential pressure equalisation prior to discharge at the nozzle
exit. The measured slit width (w,), defined as the gap between the
AB wall and the inner air-guiding wall at the exit, is 52pum. This
geometric accuracy is quantified by p-XRCT analysis in Section 4.1.
The vertical outer-wall region shows an areal surface roughness of
approximately 23 pm. Following fuel discharge through the slit, a liquid
film develops along the inner AB wall over a film length of /,,, =8 mm
before reaching the airblast edge. Inner and outer guiding vanes are
incorporated to streamline the airflow and to ensure concentric align-
ment of the injector within the combustor nozzle. The outer vanes are
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Fig. 2. Detailed flow schematic of the AM p-slit injector (a) assembled with
the combustor nozzle. Green and blue arrows indicate the atomisation air
and the surrounding co-flow air interacting with the liquid film along the
airblast wall, while the orange arrows denote the liquid fuel flow direction.
The schematic (b) shows the detailed injector geometry together with the
corresponding dimensional notations. The bottom images present the three
investigated p-slit injector configurations, characterised by a wall-film length
of 8 mm (S1), the incorporation of p-bumps (S2), and a low-swirl vane
arrangement (S3). The dual AB configuration incorporating a pressure-swirl
injector (C1) is detailed in previous work [34].

positioned at /., =10 mm from the slit exit and extend over a length
of I,,=11 mm, consistent with the AM airblast module design re-
ported previously [40]. The inner vanes have a diameter of D,,=5 mm
and are designed to replicate the geometric air split into coflow and
atomisation air as in the dual prefilming AB injector configuration.
Fig. 2(c) illustrates the implemented structural variations. The baseline
configuration (S1) corresponds to the geometry shown in Fig. 2(a)
and (b). Configuration S2 incorporates three p-bumps on the AB wall,
oriented perpendicular to the main flow direction, to enhance liquid-
film disturbance along the wall surface. Configuration S3 integrates
a low-swirl vane arrangement (vane inclination angle a,=30°) to
introduce controlled circumferential forcing and to modulate the co-
flow air velocity interacting with the liquid film. Detailed geometric
parameters are summarised in Table 1.

In total, four injector types are investigated to evaluate the feasi-
bility of the p-slit concept. Configurations S1-S3 use the p-slit fuel
discharge concept, whereas C1 utilises an in-house PS injector in an
AB prefilming configuration [34,39-41].

2.3. Operation conditions

A wide operational range is investigated to examine the spray
and combustion dynamics, accounting for both aerodynamic and fuel
loading effects. The baseline condition is defined by an air jet bulk
velocity (u;) of 120 m/s, a liquid mass flow rate (rr;) of 0.4 g/s, yielding
an equivalence ratio (@) of 0.80, and an air preheating temperature
(Tj) of 650K for slit injectors, while r is set to 0.3 g/s for the C1 case
(conventional AB concept). Variations in s, range from 0.3 to 0.6 g/s
(corresponding to 0.60 < @ <1.2) for the slit-injector family, while it
ranges from 0.1 to 0.5g/s (0.20< @ <1.0) for C1. The range of u; is
varied from 80 to 160m/s. A summary is provided in Table 2 for the
cases including detail spray analysis, while overall test conditions are
provided in the Supplementary Material and Methods (SMM), Table S1.

Jet-Al is used as liquid fuel, containing approximately 19% aro-
matic components as determined from fuel analysis. For the dual AB
injector, the fuel temperature at the orifice exit is maintained at 315K.
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Table 1
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Overall design parameters and representative operating conditions. “Slit” and “AB” denote the liquid
fuel injection concepts, where the CAD-based slit width (w; ) is set to 50 pm, while the dual AB injector
features an orifice diameter of 180 ym. The parameter /,, refers to the wall-film length. The symbols «
and H represent the structural inclination angle and height, respectively. Subscripts s and m indicate the

inner swirler and the p-bump structures, respectively.

Injector S1 S2 S3 Cl1
Type slit slit Slit AB
w;, [pm] 50 50 50 180
Loy [mm] 8 8 8
a, [°] 0 30 0
a, [°] 0 90 0 0
h,, [pm] 0 40 0 0

In contrast, for the p-slit injectors, direct measurement of the liquid
temperature within the p-slit is not feasible; therefore, the associated
thermal effects are assessed indirectly, as discussed below. The pilot
flame operates at an unburnt bulk velocity of 1.5m/s with an equiva-
lence ratio @ = 0.65, corresponding to an adiabatic flame temperature
T, ,q of approximately 1850K and a thermal power of 15kW. The pilot
operating condition is kept constant throughout all measurements to
maintain comparable flame stabilisation conditions, with anchoring
governed by the entrainment of pilot-generated hot products into the
main reaction zone. This enables relative comparison between injector
configurations under identical stabilisation conditions. The actual pilot
flame temperature, measured using a B-type thermocouple with radia-
tion correction, is approximately 1470 K along the radial direction [50].
The outer shielding airflow is fixed at 60 g/s.

The non-dimensional numbers are evaluated using the measured ds,
at z=0.5D,, determined from radial profiles between the centreline
and the nozzle edge, directly downstream of the primary atomisation
region. These parameters quantify the relative contributions of inertial,
viscous, and surface tension forces governing droplet breakup. The
jet Reynolds number Re; is calculated using the combustor nozzle
diameter D, and the jet velocity u;. The droplet Reynolds number Re,
is defined using the droplet diameter d and the axial droplet velocity
u, 4, whereas the slip Reynolds number Re, is based on the slip velocity
u,; and the Sauter mean diameter d3,. Herein, u,; denotes the axial
slip velocity, defined as u,; = |u, —u, |, where u, represents the gas-
phase velocity and u,, the instantaneous axial droplet velocity. The
gas-phase velocity is estimated using tracer droplets with a diameter
below d, =5um, selected to ensure sufficient responsiveness to the
gas-phase flow [47]. Under the present conditions, the corresponding
Stokes number (St) remains well below unity for all operating cases,
confirming that d, is appropriate for representing the gas-phase veloc-
ity. Further details on coincidence handling and velocity conditioning
are provided in [47]. The slip Weber number We, is formulated using
the slip velocity and ds, to characterise the aerodynamic forcing acting
on the droplets. The Ohnesorge number Oh relates viscous to surface
tension effects based on d3,. In Eq. (1), v and y denote the kinematic
and dynamic viscosity, while p and ¢ represent density and surface
tension, respectively. The subscripts j and / refer to the gas and liquid-
phases. All calculated non-dimensional numbers are summarised in
Table 2 for the investigated operating conditions.

u;,-D u,,-d u, -d
Rej _ J c : Red _ z,d . Res _ zZ,5 32 .
vj Vi v
— (€H)
pjruz -dy H
We,=—"——; Oh=

) d Vo -o-dy

2.4. Diagnostic setup

In the present study, a p-XRCT system is utilised to characterise
the internal geometry of the AM injector. Spray characteristics are
investigated using PDI and shadowgraphy, while OH* chemilumines-
cence (CL) imaging and exhaust gas sampling are used to assess the
combustion process and performance. A schematic overview of the
optical setup is provided in the SMM Fig. S1.

2.4.1. Micro X-ray computed tomography system (p-XRCT)

The internal geometry of the AM p-slit injector is characterised
using a laboratory-scale pu-XRCT system. A micro-focus X-ray source
(FineTec FORE 180.01C TT) is operated at 120kV and 12W, and
projection images are recorded using a Shad-o-Box 6K HS flat-panel
detector (2940 x 2304 pixels). The injector is mounted on a multi-axis
motorised stage and scanned in cone-beam configuration with a source-
object distance of 102 mm, yielding a geometric magnification of ~9.9
and an isotropic voxel size, 4,,, of 5.0 pm. Tomographic acquisition is
performed over +180° using 1800 projection angles with an exposure
time of 3000 ms per projection. Detector non-uniformities are corrected
using dark/open beam images and a calibrated pixel map, and a
detector-shift strategy (+19 pixels in vertical and horizontal direc-
tions) is applied to suppress ring artefacts. The reconstructed volumes
are obtained via filtered back-projection with geometric calibration,
enabling quantitative resolution of the slit topology at micrometre
scale. Additional details on the system configuration, operation, and
calibration can be found in [53].

2.4.2. Phase Doppler interferometry (PDI)

A three-phase Doppler interferometry system (Artium Technologies
Inc., Model PDI-300MD) is utilised to measure droplet size distributions
and velocity components. The system incorporates diode-pumped solid-
state lasers emitting at wavelengths of 532 nm (green), 491 nm (blue),
and 561 nm (yellow). The transmission optics have a focal length of
350 mm with a beam separation of approximately 60 mm, resulting in
nominal probe beam waists of 169, 156, and 179 pm in diameter for the
respective laser pairs. The green laser pair is used to measure the axial
velocity component and droplet diameter, while the blue and yellow
laser pairs resolve the radial and circumferential velocity components,
respectively. The PDI receiver operates in a 40° forward-scattering con-
figuration. The receiver optics feature a fixed focal length of 350 mm
and an aperture slit width of 100 um. Under these settings, droplet
diameters in the range of approximately 0.7-112 pm are measurable.

2.4.3. Shadowgraphy

Background-illuminated shadowgraphy is utilised to visualise spray
formation. The second harmonic of an Nd:YAG laser (10 Hz repetition
rate) is directed onto a white diffuser and a fluorescent plate, producing
peak emission at 655 nm with a decay time of approximately 20ns,
thereby providing uniform pulsed back-illumination. Image acquisition
is performed using a backside-illuminated CMOS camera (LaVision,
CX12) equipped with a 180 mm Sigma macro lens operated at f/2.8.
The field of view is approximately 10.3 x 14.4mm? (2984 x 4080
pixel?), corresponding to a spatial sampling of 3.5um / pixel and a
measured optical resolution of approximately 7 pm, determined using
a USAF 1951 resolution target (Thorlabs, R3L3S1N). A total of 500
images are recorded for each operating condition to ensure statistical
convergence of the liquid injection behaviour.
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Table 2

Applications in Energy and Combustion Science 27 (2026) 100519

Overview of the reference test conditions for injectors S1-S3 and C1. The liquid mass flow rate 1, air jet bulk velocity u;, preheated air temperature
T;, and equivalence ratio @ are listed together with the air mass flow rate /; and the air-to-liquid mass ratio (ALR). The non-dimensional
parameters Re,, Re;, and We, denote the droplet Reynolds number, gas-droplet slip-based Reynolds number, and Weber number, respectively,
while Oh represents the Ohnesorge number. The Sauter mean diameter is given by d;,, and the thermal power is represented by P,,,.

Injector n'1, u; T, [ i ALR Re; Re, ds, Re; We, Oh P,
[g/s] [m/s] [X] [-] [g/s] [-] [-] x10* [-] [pm] [-] [-] x10? [-] x10? [kw]
S1 0.30 120 650 0.60 7.37 24.6 24.6 10.1 10.8 0.44 0.58 8.61 12.9
0.40 120 650 0.80 7.37 18.4 24.6 11.7 14.5 1.12 1.51 7.49 17.2
0.50 120 650 1.00 7.37 14.7 24.6 13.4 17.8 2.02 3.00 6.81 21.5
0.40 80 650 1.20 4.91 12.3 16.4 10.3 22.9 2.04 2.20 5.97 17.2
0.40 160 650 0.60 9.83 24.6 32.8 13.0 12.2 0.21 0.18 8.35 17.2
S2 0.30 120 650 0.60 7.37 24.6 24.6 9.31 10.1 0.25 0.19 8.90 12.9
0.40 120 650 0.80 7.37 18.4 24.6 10.7 14.1 0.83 0.78 7.66 17.2
S3 0.30 120 650 0.60 7.37 24.6 24.6 6.13 9.41 0.07 0.04 10.2 12.9
0.40 120 650 0.80 7.37 18.4 24.6 9.05 10.9 1.06 1.99 9.08 17.2
Cl 0.30 120 650 0.60 7.37 24.6 24.6 12.2 13.7 0.46 1.66 8.10 12.9

2.4.4. OH*-chemiluminescence

The combustion process is characterised via OH*-chemiluminescence
(OH*-CL) imaging to assess flame lift-off height, flame penetration,
and asymmetry metrics. For all configurations, an intensified relay
optic (IRO) system equipped with a Halle UV quartz glass lens and a
narrow band-pass filter (AHF, peak transmission 85%, 310 + 15 nm) is
used to isolate the OH* emission. Gain and gate time are maintained
within 75%-80% and 10-12 ps, respectively. Background correction is
performed using sensitivity images accounting for the adjusted gain
and exposure time (see Section 3). For the p-slit injector configurations
(S1 - S3), quasi-steady OH*-CL imaging is conducted using a LaVision
NanoStar IRO system. A total of 200 instantaneous images are recorded
at 10 Hz. The field of view is 144.1 x 144.1 mm? (2048 x 2048 pixels),
corresponding to a spatial sampling of 0.07 mm/pixel, with a measured
optical resolution of approximately 0.25 mm. To capture the axially
elongated flame structure, two image batches with an axial offset
of 80 mm are acquired and subsequently stitched after background
correction. The resulting expanded field of view is 144.2 x 224.1 mm?,
while preserving the optical resolution. For the reference configu-
ration (C1), high-speed OH*-CL imaging is performed in a separate
measurement campaign using a LaVision HighSpeed IRO X coupled
with a Photron FastCam SA5 high-speed camera. A total of 10,000
instantaneous images are acquired at 10 kHz. The field of view spans
106 x 210mm? (522 x 1031 pixels), corresponding to a spatial sam-
pling of 0.20 mm/pixel, with a measured optical resolving power of
approximately 0.63 mm. Despite differences in spatial and temporal
resolution, identical spectral filtering and gain/gate settings ensured
comparability of the OH* intensity fields across configurations.

2.4.5. Flame photographs

For a comprehensive analysis, direct flame images are captured
using a DSLR camera (Canon, 500D). To ensure a consistent comparison
of flame luminescence, the aperture, shutter speed, and ISO settings are
maintained constant across all cases.

2.4.6. Exhaust gas analysis

The NOy analysis involves sampling gases for a duration of 180s
once stable conditions are established, with data recorded at a fre-
quency of 1Hz. An air-cooled sampling probe, positioned 400 mm
above the centre of the combustor nozzle exit, prevents further reac-
tions by quenching the products. Detailed information regarding the
measurement location sensitivity can be found in a previous study [40].
The collected gas is then conveyed through a heated hose to the
gas analyser (MRU, MGAprime) to prevent water condensation during
transport. A subsequent correction to 15% O, is applied to Xyo, . for
standardised comparison. Due to the open atmospheric flame configu-
ration and the inevitable entrainment of pilot exhaust products, shield
air, and ambient air, the reported NOy levels are interpreted primarily

in terms of relative injector-to-injector trends under otherwise identical
operating conditions. Operation with the pilot flame and main airflow
alone, i.e., in the absence of the main spray flame, resulted in NOy
levels below the detection limit, indicating that the reported emission
trends are predominantly governed by the main liquid-fuel combustion
process.

3. Methodology for statistical analysis
3.1. p-XRCT-based structural characterisation

A slice-wise p-XRCT workflow is used to quantify the circumfer-
ential uniformity of the annular slit channel. For each slice, the nor-
malised intensity field is flattened to construct the intensity histogram,
which exhibits a clear bimodal distribution corresponding to the wall
and void phases. A robust void threshold is defined from the low-
intensity population (I, <0.5) as the 99" percentile, providing a
conservative upper bound of the void peak and excluding ambiguous
boundary pixels at the wall-slit interface.

Following binary segmentation, the void field is restricted to the an-
nular region using a geometrically defined mask to exclude neighbour-
ing injector structures (e.g., vanes and outer walls). Conditional mor-
phological closing operations are applied to regulate connectivity and
suppress artefacts associated with wall pores. Connected-component
labelling is used to retain only the dominant ring-like slit structure. The
cleaned slit network is skeletonised to extract its geometric centreline.
Local slit thickness is computed from the Euclidean distance transform
of the retained void mask, evaluated along the centreline and converted
using the p-XRCT voxel size 4,,,. The local thickness w; is defined as
twice the distance-transform value at each centreline coordinate and is
evaluated along the cleaned slit network, as shown in Fig. 3(a).

Sensitivity of the extracted slit-width statistics over z,=-0.5 to
0 mm is assessed with respect to the morphological kernel size, per-
centile threshold, and number of skeleton branches. The results exhibit
limited dependence on these parameters, with variations of approxi-
mately +6% in w, for kernel sizes between 3-7 pixels and less than 5%
variation in the angle fraction of blocked segments (460,; = N,,/N, X
27). Threshold variation (98.5-99.5%) for low-intensity range results in
changes below +3.5% in w;, while skeleton-branch variation produces
less than 1.5% deviation, confirming overall robustness. Thin regions
are defined by the physical criterion w, < w,,,, where w,;,.=15pum
corresponds to the lower bound of the feedstock powder particle size
distribution. This choice is supported by a sensitivity analysis, showing
negligible variation (< 0.5%) for w,,, = 10 — 15um, while larger
thresholds introduce deviations of up to 2% in 46,,. Circumferentially
blocked regions are identified from discontinuities (red marks) in the
slit centreline, as shown in Fig. 3(b). A reference circle is fitted to the
extracted centreline, and the angular positions of the skeleton points
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Fig. 3. Horizontally sliced p-XRCT image (a) with a magnified view of the
scaled-down p-slit injector, highlighting the blocked region (b,), skeleton
endpoints, and the local slit gap width (w,). The associated coordinate system
(x,,y,.2,) and the circumferential angle (¢) are indicated.

are computed directly from their pixel coordinates with respect to
the fitted centre. Gaps between consecutive angular positions are then
evaluated, and discontinuities are classified as blocked regions.

The circumferential dispersion of thin (w;s) and blocked regions
(by) is quantified using the normalised angular entropy defined in
Eq. (2):

N,
- Z,-:l pilnp

Hy = 2
N In Ny 2)

where p; = n;/ Z;jz"l n; denotes the probability associated with the ith
angular bin at axial position z,, and #»; is obtained from the combined
angular event set of §,, ;5 and 6,,. Here, z, denotes the axial distance
from the slit exit. The angular domain is discretised into uniform 1° bins
for statistical aggregation, such that N, =360 in the present study. A
relative occupancy filter (25% of the maximum bin count within each
slice) is applied prior to entropy evaluation to suppress isolated angular
events.

3.2. Phase Doppler interferometry

3.2.1. Statistical characterisation of droplet, velocity, and fuel-loading

The droplet PDI signals are processed to obtain droplet diameter,
velocity, and droplet inter-arrival time (4¢,). From these raw measure-
ments (y), the mean () and standard deviation (') are evaluated as
defined in Eq. (3). To ensure statistical robustness, datasets containing
fewer than 1000 valid samples, or cluster samples below the lower
outlier threshold of the total droplet measurements, are excluded to
minimise the influence of rare measurement artefacts. Probe volume
correction (PVC) is applied to address the bias that larger droplets
are detected over a larger volume compared to smaller ones, due
to the Gaussian intensity distribution of the laser beams. The Sauter
mean diameter (d;, = Xd3/Xd?) is calculated by incorporating the
PVC correction. For the analysis of turbulence-droplet interaction, the
three components of the estimated gas-phase velocity (u,,u,,u,), the
turbulent kinetic energy (k = (E + u_fvz + @)/2), and the axial slip
velocity (u, ) are evaluated.

3

N
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To assess the radial homogeneity of the AM p-slit injector in terms
of the droplet diameter (d) and the local fuel loading Uity 1), the
first-order Wasserstein distance (D,,;) is evaluated between symmetric
radial locations using Eq. (4). For each radial pair (R = +2,+4, +6,
+8 mm), D, is calculated from the cumulative distribution functions
(CDFs) F, and F,, on the left and right sides, respectively, constructed
from the measured droplet samples at each radial location. Here, »
denotes either d, 1, ., or the radial intensity / of OH*-CL. The local
fuel feeding rate s, ;. is evaluated from the droplet samples using
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Eq. (5) to assess the radial distribution and symmetry of fuel placement.

Dy, =/ |F() — F.(p)| dx @
0

. pd?

Mpte = % Alt ®)

When valid samples are available only on one side, the CDF on the
opposite side is taken as a zero distribution, i.e. F(y) =0, representing
the absence of the fuel loading at that radial location. This definition
yields a D, corresponding to the entire measured distribution and
the pair is included in the radial averaging. A value of D, =0 indi-
cates perfectly identical distributions at symmetric radial locations, i.e.,
complete radial homogeneity within the pair.

3.2.2. Local group combustion using Voronoi-resolved droplet clustering

The cluster-resolved group combustion number is evaluated to
quantify the influence of droplet clustering on flame stabilisation across
different injection configurations and various radial positions. The
analysis is based on time-resolved droplet detection signals obtained
from PDI, where the droplet arrival time series #,, instantaneous droplet
velocities u,, and droplet diameters d are processed using coincident
samples. The temporal droplet sequence is first converted into a one-
dimensional spatial representation of the spray by reconstructing the
droplet positions along the measurement direction. The instantaneous
inter-droplet spacing is estimated as L; = 4t,u, ,, where At, =1, — 1,
is the inter-arrival time and u,, is the axial droplet velocity. The
cumulative summation of L; yields the reconstructed spatial coordinate
s, representing the one-dimensional droplet distribution.

In conventional group combustion analyses, droplet clusters are
typically identified using a 4r, threshold criterion, where droplet pairs
are considered clustered when 4r, is smaller than the convective time
required for a droplet structure to traverse the probe height. In the
present dataset, however, this criterion identified less than 3% of
droplets as clustered events for all injector cases, reflecting the sparse
droplet field caused by rapid evaporation and dilution, and limiting the
statistical representativeness of cluster-resolved quantities. Therefore,
the mean G, values are reported in SMM Fig. S2 only as reference
indicators of the prevailing droplet combustion regime.

Droplet clustering is therefore identified using a Voronoi tessellation
applied to the reconstructed spatial distribution, providing a density-
based measure of local droplet concentration that remains applicable
even for evaporating sprays with low droplet number density [54].
The local Voronoi segment length is defined as V; = (s;;; — 5,_1)/2,
representing the local spacing surrounding each droplet i [55]. The
Voronoi lengths are normalised by their mean value, V. Droplets are
classified as belonging to a cluster when ¥; < 0.5V, corresponding to
Voronoi cells smaller than those expected for a random particle distri-
bution and therefore indicating locally enhanced droplet concentration
relative to a random distribution. The characteristic cluster length scale
is then estimated from the spatial extent of the detected cluster as
L. ikl ~ Sign — Lp> Where ip;, and iy, denote the first and last
droplet indices belonging to each cluster, respectively. Here, L, is the
probe length scale, defined as (Lp‘pr,pr,Z)l/ 3, where L, , L, ,, and
L, . denote the aperture size, width, and height of the probe beam,
respectively.

The cluster number density is evaluated as ny = (z/6)(L./L)’,
where L denotes the mean inter-droplet spacing, L,. The
non-dimensional droplet separation between droplet centres is de-
fined in Eq. (6), where d,, is the arithmetic mean droplet diameter
and Re, is the droplet Reynolds number. Finally, the cluster-resolved
group combustion number is calculated as defined in Eq. (7), fol-
lowing the classical group combustion formulation proposed by Chiu
et al. [56] and its experimental extensions to spray flames [57]. For
kerosene vapour—air mixtures, a Lewis number of Le=4 and Schmidt

=S S
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number of Sc¢=3 are used as conservative estimates for the present
cluster-resolved scaling analysis [58].

L/10d
S= /10d;o _ 6)
1+0.276 Sc!/3Rel/
2/3
nr
Gy =0.15Le —— )

According to group combustion theory [56], the burning mode of a
droplet cluster is governed by the group combustion number G. For
G < 1, oxidiser penetration into the cluster core is sustained and
combustion proceeds in an internal group combustion mode, whereas
G > 1 promotes external sheath burning characterised by vapour
shielding and the formation of a surrounding diffusion envelope. The
present spray flame is not interpreted as a fully developed group
combustion regime. Instead, the relative variations in G, are used to
quantify injector-dependent changes in collective droplet interaction,
local vapour enrichment, and the tendency towards isolated or collec-
tive evaporation behaviour, which in turn influence flame anchoring
and lift-off sensitivity.

3.3. OH*-chemiluminescence

For robust OH*-CL image analysis, a background-correction and
preprocessing algorithm is applied [34,47]. A case-dependent back-
ground field is first obtained from the temporal minimum of a subset of
instantaneous images and subsequently smoothed to remove local arte-
facts. After excluding outliers, an adaptive global threshold is defined
from an upper quantile of the background intensity distribution, com-
plemented by its standard deviation and scaled by tunable coefficients
(¢, ¢y). Each instantaneous image is filtered using a two-dimensional
moving average filter with kernel width f,, to suppress high-frequency
noise, and is then thresholded according to the defined criterion. The
resulting binary field is further refined by hole filling to obtain a
consistent flame mask.

For elucidating the combustion process corresponding to each in-
jector concept, the flame lift-off height (/,,,), maximum intensity axial
location (/,,,,), and axisymmetry metrics, including the deviation of
Lign (Al1,;), area asymmetry (A, ), normalised cross-correlation (),
and the Wasserstein distance of OH*~CL intensity (D, ;) between the
left and right sides of the frame, are evaluated. These metrics are
subsequently averaged, and their standard deviations are calculated
across all image sets using Eq. (3). The definitions of A, and v
are given in Egs. (8) and (9), respectively, while D, ,; is computed
according to Eq. (4). The /,,, is defined as the axial location of the
earliest binary transition. /,,,, denotes the axial location of maximum
OH* intensity. The flame penetration length is not calculated due to
limitations of the measurement frame area.

Here, A; and A, denote the flame areas extracted from the binarised
OH* mask on the left and right halves of the image, respectively.
The normalised cross-correlation coefficient y is evaluated from OH*
intensity fields I ’OH*J(x, z) and I (’)H*Yr(x, z), where (x, z) represent the
spatial coordinates and (i, j) denote the relative axial and radial pixel
shift used to determine the maximum correlation. The Wasserstein
distance D, , corresponds to the first-order transport distance between
the left and right OH* intensity distributions, quantifying the degree
of distributional intensity asymmetry beyond purely geometric differ-
ences. By definition, A,,, =0 and D, ; =0, and y =1, correspond to
perfect symmetry between the two sides of the flame, whereas larger

values of A, and D, or lower values of y indicate increasing
asymmetry.

A —A
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The influence of the filtering window width and threshold coeffi-
cients on the extracted flame metrics is evaluated through a dedicated
sensitivity analysis (see Table S2 in the SMM). The moving-average
filter width (f,,) is varied to values corresponding to the minimum
integral length scale of the flow [47], accounting for differences in
pixel resolution between the p-slit and AB datasets. The threshold
coefficients (¢;, ¢,) are perturbed by approximately +10% from the
baseline value (2.5). Across all perturbations, the majority of extracted
metrics exhibit deviations below 10% relative to the baseline. Larger
percentage variations, approaching 20%, are observed primarily for
I, in the AB configuration, which reflects its smaller baseline mag-
nitude and inherently larger fluctuation levels rather than numerical
instability. In contrast, the peak intensity location /,, exhibits only
marginal variation (< 1%), indicating high robustness of the core flame-
structure identification. Furthermore, the applied perturbations do not
modify the qualitative trends or comparative relationships discussed
in the main text, supporting the overall consistency of the adopted
image-processing framework.

4. Results and discussion
4.1. AM p-slit structural topology

The fabrication of narrow annular slits by PBF-LB/M is inherently
accompanied by stochastic geometric deviations, including percolating
pore networks, incomplete fusion between adjacent scan tracks, melt-
track balling, and partially fused powder agglomeration, which may
locally constrict the flow channel or alter the effective gap width [16,
50,59]. The p-XRCT analysis provides a quantitative assessment of
both the geometric accuracy and the circumferential uniformity of
the AM annular channel. For this purpose, reduced-scale specimens
corresponding to the injector head geometry are fabricated, allowing
p-XRCT measurements of the slit structure. The specimen features
a continuously decreasing nominal slit gap from 110pm to 50 pm,
enabling identification of the minimum manufacturable gap achievable
with the current PBF-LB/M process. The methodology for the statistical
analysis of the p-XRCT images is described in Section 3.1. It should be
noted that the present analysis is based on two injector specimens, and
piece-to-piece geometric variations are expected due to manufacturing
tolerances. Nevertheless, the stochastic nature of the local blockage
redistribution may contribute to a more circumferentially balanced
discharge behaviour.

Fig. 4(a) compares the measured local slit gap (w,) with the nominal
CAD geometry along the axial coordinate. While the overall trend ob-
tained using piecewise linear fitting follows the CAD-designed tapering
profile, systematic deviations are observed towards the slit exit. The
region of —0.2 < z,(mm) < 0.0 is omitted because the wall geometry
becomes progressively one-sided and discontinuous. In particular, a
plateau region with an average gap width of 52pym and a standard
deviation of 17.2 pm develops near z, ~ —0.6 mm, indicating a process-
induced limitation in achieving the intended minimum printable gap.
This behaviour suggests that the effective manufacturable resolution
of the PBF-LB/M process approaches the lower bound of the nominal
design in this region. Fig. S3 in the SMM further compares the axial
evolution of the w, between two independently manufactured AM p-
slit samples. Despite local variations, both samples exhibit comparable
geometric trends with a mean w, discrepancy of 4.10%, indicating good
manufacturing reproducibility near the slit exit region. The axial varia-
tion of the circumferentially resolved thin and blocked regions is shown
in Fig. 4(b). Thin segments (w, < 15pm) and blocked angular portions
exhibit increasing occurrence density towards the slit exit, revealing
enhanced circumferential delocalisation of thin and blocked regions.
While this behaviour reflects increasing geometric irregularity, the local
bridging structures become progressively less biased towards specific
angular sectors. Consequently, the downstream region approaches a
statistically isotropic hydraulic resistance field.
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Fig. 4. Measured local slit gap (w,) compared with the nominal CAD geometry
along the axial coordinate (z,) (a). The solid blue line denotes the mean w;
at each z,, while the red piecewise fit highlights a saturation behaviour with
a plateau at 52pm. Panel (b) shows the circumferential distribution of thin
and blocked angular segments (6,) as a function of z,. Panel (c) presents the
normalised angular entropy H, versus z,.

To quantify the evolution of circumferential delocalisation, the
normalised angular entropy Hj is evaluated as a function of axial
position (Fig. 4(c)). Upstream of the slit exit, Hy varies between 0.39
and 0.60, indicating partially disordered angular patterns with weak
but discernible sectoral bias. In this region, geometric irregularities
remain spatially correlated, favouring preferential fuel pathways along
specific angular sectors. From z, =-0.55mm towards the slit exit, Hy
increases to approximately 0.67, reflecting a broader redistribution of
thin and blocked segments across the circumferential domain. Rather
than representing purely chaotic behaviour, this entropy increase sig-
nifies a progressive reduction of dominant sectoral asymmetries and
a transition towards a statistically isotropic circumferential topology.
As a consequence, persistent preferential fuel flow is mitigated, and
the hydraulic resistance field becomes more evenly distributed around
the annulus, promoting balanced circumferential fuel discharge in the
near-exit region.

4.2. Spray characterisation

The intensity-normalised average shadowgraphy images for the two
injector concepts, S1 and C1, are presented in Fig. 5. Panels (a—e) corre-
spond to S1 under varying operating conditions, while panel (f) shows
C1 at its reference conventional case. The profile plots above each
image depict the lateral intensity distribution along the y-direction at
z/D,=0.25, providing a qualitative representation of the near-nozzle
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Fig. 5. Normalised average shadowgraphy images for S1 in panels (a-e) and
C1 in panel (f) under various test conditions. Baseline operational conditions
are shown in (c), while altered values are labelled in each image. Profile plots
at the top of each image represent intensity profiles along the y-direction at
z/D,=0.25.

spray structure and relative fuel placement. Under the low T; condition
(a), the S1 injector exhibits a radially symmetric intensity distribution
with peak values of 10% located at y = +3mm. This symmetric fuel
placement reflects a uniform circumferential liquid sheet formation,
directly linked to the stochastic gap connectivity, which promotes
balanced circumferential fuel discharge at the slit exit. Meanwhile,
the C1 injector (f) displays comparable peak intensity and reduced
radial symmetry, with maxima located further from the centreline (y ~
+4mm). The latter arises from the PS injector, which directs liquid fuel
towards the airblast wall with circumferential forcing. The influence of
operating conditions is evident in panels (a—c). Increasing the co-flow
temperature T; from 350K to 650K results in a substantial attenuation
of the shadowgraphy signal, indicating enhanced heat transfer from
the preheated co- and atomisation air to the liquid film and partial
pre-vaporisation of Jet-Al within the p-channel. The associated phase
transition modifies both the effective fuel placement and the injector
pressure drop characteristics, as further discussed in Section 4.4. Sim-
ilarly, negligible signal intensity persists under increased liquid mass
flow rate 1, (d) and reduced jet velocity u; (e).

These qualitative observations highlight the near-field gas-phase
turbulence and spray topology for the p-slit and conventional injection
concepts. To further elucidate the underlying mechanisms govern-
ing fuel dispersion and mixing, the turbulence-droplet interaction is
examined in the following section.

4.2.1. Flow-field turbulence and droplet interaction
Radial profiles of the three droplet velocity components (i, ;, U, 4,
u,,; axial, radial, and circumferential) are presented at two axial
positions of z/D, =0.5 and 2 with a fixed jet temperature of 650K for
different operating conditions in the left two columns of Fig. 6, and for
various injector concepts in the right column. Symbols denote mean
values for each case, and error bars indicate the corresponding fluctu-
ations. Increasing the liquid mass flow rate (r;) from 0.3 g/s to 0.5g/s
for the S1 configuration, as shown in Fig. 6 (a — ¢), results in a concave
u,, profile with only marginal variations. For the baseline condition
(i, = 0.3 g/s), a maximum u, ; of 131 m/s with u/ 4 =25m/sis observed
at the radial edge (x = +5mm) at z/D, =2, decreasmg to 81 m/s with
Z d =11m/s in the nozzle centre (|x| < 2mm). Increasing i, alters
u,, by less than 5% at the radial edge and by less than 2% in the jet
centre, suggesting a limited influence of liquid loading on the velocity
field. The corresponding gas-phase velocity trends are shown in the
SMM Fig. S4. The u, ;, component remains weak, with mean values of
approximately +12m/s and fluctuations of about 2m/s at x = +5mm,
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Fig. 6. Three-dimensional droplet velocity components, axial u, ,, radial u, 4, and circumferential u,,, measured at two axial positions; z/D,=0.5 (panel set 1)
and z/D. =2 (panel set 2). Columns group operating conditions as follows: liquid loading effects, 1, (panels a—c), aerodynamic effects with varying jet velocity,
u;, (panels d-f), and injector variations (panels g-i). Symbols denote mean values of each component; bars indicate the corresponding turbulent fluctuations.

while the peak radial motion is located in the mixing layer due to
the strong velocity gradient and associated entrainment. The centreline
remains close to zero in agreement with previous observations [60].
The influence of aerodynamic forcing, achieved by varying the jet
velocity (u ) from 80 to 160 m/s as illustrated in Fig. 6 (d - f), leads
to a pronounced increase in u, ; and ), over the entire radial range. At
z/D, =2, the centreline u_, increases from 58.6 to 107 m/s with ]
rising from 10 to 20m/s, while at x=4mm, u,, increases from 68 to
142m/s with «/ from 20 to 30m/s. In contrast, u, , and u,, remain
nearly unchanged. The higher axial momentum enhances turbulence
production and exhaust-gas entrainment, intensifying mixing with the
surrounding hot gases, which likely promotes droplet evaporation and
contributes to the observed 20% reduction in radial droplet extent.
Fig. 6(g-i) compares the droplet velocity fields produced by the
different injector concepts. In the near field at z/D, 0.5, the
conventional AB injector C1 exhibits comparable centreline values of
¢ =59m/s and u, , =24 m/s, but shows a radial droplet velocity devi-
ation of about 20 rn/s at x = +2 mm, yielding elevated « , up to 38 m/s
and indicating coherent asymmetric structures in the near field [46-
48]. This asymmetry is reduced to below 8 m/s further downstream
at z/D,=2. The centreline u, ; becomes approximately 20 m/s higher
than in the S1 case and more radially uniform within |x| < 5 mm,
accompanied by a 17% wider droplet-laden region even at the lower
fuel loading of 0.3 g/s. The structural modifications (p-bumps, S2) and
the low-swirler (S3) produce only minor changes in u,, relative to
S1, yet S3 extends the droplet-laden region by about 20% at z/D, = 2.

10

While the effect on u, ;, remains small, the circumferential forcing in
S3 and C1 enhances the velocity fluctuations, reaching 22m/s and
31m/s at the centre and about 15m/s and 22 m/s within |x| < 2mm
at z/D,=2. Notably, S3 exhibits a negative u,, of approximately -
17 m/s near the nozzle centre in the upstream plane, consistent with the
swirl-induced inward radial transport reported previously [40,47]. The
co-flow swirl in S3 generates an enhanced u,,, with a mean value of
22 m/s and fluctuations of 16 m/s at x = + 2 mm. In contrast, S2 and C1
show comparable mean u, ; values close to zero, although C1 produces
elevated v’ 4 Up to 27 m/s over |x| < 4mm. Further downstream, the
circumferential droplet velocity components remain close to zero, with
similar magnitudes observed for all cases except S3.

The measured gas-phase velocity, shown in the SMM Fig. S4, re-
mains comparable in magnitude and trend to the droplet velocity,
while the measurable region is limited by the number of coincident
droplet samples. The swirl-induced motion of S3 is more evident in
the gas-phase field. The modified gas-phase turbulence and its coupling
with droplets are further assessed using the turbulent kinetic energy
and axial slip velocity in the SMM Figs. S5 and S6. Overall, k is
mainly governed by aerodynamic shear rather than liquid loading, with
increasing u; enhancing turbulence across the radial range. The C1
injector produces a more radially non-uniform turbulence field and
broader slip-velocity distribution, indicating stronger phase-relative
transport in the nozzle near field. In contrast, the p-slit configurations
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Fig. 7. d, as a function of the radial coordinate, shown at two axial locations z/D,=0.5 and 2 (lower and upper rows, respectively). The first column (a-1 and
a-2) presents fuel mass flow effects, and the second column (b-1, b-2) shows jet aerodynamic effects. The third column (c-1 and c-2) depicts injector variations

at m; =0.3 g/s.

maintain more constrained slip-velocity distributions, while the S3 con-
figuration redistributes turbulence towards the jet core and promotes
smaller droplets downstream through circumferential forcing.

4.2.2. Radial spatial spray distribution and uniformity

Atomisation performance is evaluated in terms of d;, along the
radial direction for different operating conditions in Fig. 7(a, b) and in-
jector concepts in Fig. 7(c). For the S1 configuration, increasing s, from
0.3 to 0.5 g/s leads to a systematic increase in d3, over the entire radial
range at both axial locations, with the peak value rising from 12.8 pm
to 24.8pm at z/D,=2 and from 14.8ym to 24.3pm at z/D,=0.5.
Meanwhile, varying u; strongly affects d;,, where the reduction in
aerodynamic forcing at u; =80m/s results in larger droplets with d3,
up to 34.7pm at z/D, =2, while further increasing u; yields only
marginal changes with an average size discrepancy of 0.3 pm across
the radial direction, confirming the previously identified saturation of
atomisation at high gas-liquid relative acceleration. For the injector
concepts, the C1 configuration exhibits larger radial variations in ds, in
the near field, ranging from 7.02 to 20.3 pm at z/ D, = 0.5, reflecting the
broader droplet dispersion and stronger gas-liquid coupling. Notably,
the droplet size discrepancy between the paired radial locations at x =
+ 2mm reaches 8.39 pm, indicating pronounced radial inhomogeneity.
In contrast, the p-slit injectors (S1 and S2) show comparatively uniform
dy, distributions with an average of 9.76 pm in the near field. Down-
stream, the swirl-induced transport in S3 promotes smaller droplets,
with dj, reduced to a minimum of 6.57 ym at the nozzle centre at
z/D, =2, consistent with the enhanced droplet-turbulence interaction
observed in the slip-velocity statistics. Note that elevated liquid load-
ing and aerodynamic forcing both magnify the radial inhomogeneity
of droplet size in p-slit injectors. Meanwhile, the C1 configuration
produces the largest radial bias, directly coupled with the turbulence
structure and fluctuation field.

The fuel spatial placement and the associated size distribution gov-
ern the local mixture stratification, which subsequently determines the
flame axisymmetry and emission characteristics. Therefore, the radial
similarity of the spray across the nozzle serves as an important metric.
To quantify this spatial uniformity, the averaged Wasserstein distance,
Bwl,d’ is evaluated as a measure of the dissimilarity of radial paired
cumulative droplet-size distributions, as shown in Fig. 8. In panels (a),
for the S1 configuration, increasing the liquid mass flow rate leads to
a pronounced increase in Bwl,d at both axial locations, with values
rising from 1.27 to 1.61 at z/D,=0.5, and from 0.52 to 3.79 at the
downstream location z/D, =2, indicating enhanced radial dissimilarity
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Fig. 8. Heat maps of the averaged Wasserstein distance (Dy,,), used as a
measure of the radial dissimilarity of the cumulative droplet-size distribution
(a—c) and the local fuel feeding rate (d). Panels are organised by operating
condition and injector concept: mass flow rate variation (a), jet velocity
variation (b), and comparison of the developed slit injectors S1-S3 with the
conventional AB injector C1 (c, d). Within each group, the upper and lower
rows correspond to z/D, =2 and 0.5, respectively.

under elevated liquid-phase momentum. In contrast, variation of the
jet velocity shows a different behaviour in panels (b). At u; =80m/s,
Bwl’d reaches the highest level of approximately 2.80 at z/D, = 0.5 and
remains at 2.10 downstream, indicating strong radial inhomogeneity
under aerodynamically limited atomisation. Increasing u; to 120 and
160 m/s reduces Bwl,a’ to below 1.50 at both axial locations, confirming
that stronger gas-liquid relative acceleration promotes a more homo-
geneous droplet field. Among the injector concepts shown in panels
(c), the conventional C1 configuration exhibits a high radial inhomo-
geneity, with Bw],d of 2.96 in the near field and remaining above
2.50 at z/D, =2, consistent with the previously identified asymmetric
turbulent coherent structure and large radial droplet-size difference. In
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contrast, the introduction of the p-slit fuel injection (S1) reduces Bwl,d
by 57% and 77% at z/D,=0.5 and 2, indicating a substantially im-
proved radial homogeneity of the droplet field. The p-bump-integrated
configuration (S2) produces a further mitigation of radial dissimilarity
at both axial locations. Meanwhile, the low-swirler configuration (S3)
increases Bwl,d upstream to 3.45 but rapidly relaxes it downstream to
0.71.

A similar trend is observed for the local fuel feeding rate metric
shown in panels (d), where the slit injectors maintain 5wl,f below 0.10
downstream, corresponding to a reduction of more than 75% compared
to the C1 configuration. This pronounced asymmetry of the droplet size
(d) and local fuel feeding rate (i fy,c) in the radial direction for the
different operating conditions and injector types is further illustrated
in the SMM Figs. S7 and S8. These results quantitatively demonstrate
that both elevated liquid loading and insufficient aerodynamic forc-
ing magnify radial droplet non-uniformity, whereas the slit injector
concepts promote homogenisation of the spray field. The improved
radial homogeneity is consistent with the circumferentially balanced
fuel discharge imposed by the AM p-slit topology (see Section 4.1).
The increase in the stochastic gap connectivity suppresses dominant
sectional bias and promotes a statistically isotropic circumferential flow
distribution at the slit exit, resulting in a more uniform near-field
spray interacting with co- and atomisation airflow. This fuel placement
uniformity provides the basis for the subsequent analysis of flame
characteristics and emission behaviour.

4.3. Combustion characterisation

Time-averaged OH* chemiluminescence (OH*-CL) images together
with the corresponding direct flame images are presented for the
different injector configurations in Fig. 9. The conventional AB injector
C1 (panel a) exhibits a radially distorted intensity distribution in the
region z=>50-120 mm, followed by a downstream zone of high inten-
sity exceeding 80% at approximately z=130-180 mm, resulting in an
elongated flame structure. Meanwhile, the high-intensity region of S1
(panel b) is broadened both radially and axially, while the initial flame
anchoring occurs directly downstream of the nozzle edge. Increasing
the fuel loading to 7, = 0.4 g/s with @ = 0.8 (panel ¢) markedly widens
the high OH*-CL region. The implementation of the p-structure with a
height of 40 pm at the airblast wall promotes asymmetry during the
initial flame stages, shifting the anchoring point towards the nozzle
and inwards. Notably, the S2 configuration exhibits only minor vari-
ations in droplet size and fuel loading distribution compared to S1,
yet alters flame stabilisation. As summarised in Table 2, this behaviour
is accompanied by reductions in Re; and We,, while the Oh remains
comparable. This suggests that modifications in droplet-gas momentum
coupling, rather than changes in primary atomisation characteristics,
govern the redistribution of the near-field heat-release zone down-
stream of the injector in the p-slit configuration. This tendency becomes
more pronounced for the S3 configuration with the inner low swirler,
which exhibits a more spatially uniform OH*-CL field with strong radial
symmetry and a more compact flame shape.

In Fig. 10, the statistical response of the global flame lift-off height,
I1p,¢» and the axial location of maximum OH* chemiluminescence, /,,,,
are evaluated for the C1 and S1 injectors across varying operating
conditions at T; =650K. Panel group (a) illustrates the influence of
equivalence ratio @ at fixed u; =120 m/s, while panel group (b) shows
the effect of jet velocity. For the S1 injector, increasing @ from 0.6 to
1.2 results in a decrease in /,,,, from 148 mm to 118 mm, accompanied
by a 22% reduction in [/ . A similar, yet rather marginal trend is
observed in 7,0h,g, which decreases from 53.3 mm to 48.9 mm, also
with a 17% reduction in lfoh’g to 3.01 mm. In contrast, the C1 injector
exhibits a comparable 1, of 137 mm to that of S1, but shows sub-
stantially stronger fluctuations, reaching 35.6 mm under lean operation
(®=0.6), which attenuate by approximately 50% at @ = 1.0. More
notably, iloh,g increases from 37.1 mm to 54.9 mm (approximately
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48%) with increasing @, accompanied by a 10% reduction in l;oh’g. The
sensitivity to jet velocity (u; =80-160m/s) further distinguishes the
injector concepts. For S1, both 7,,,. and 7,0h,g remain nearly constant
at 139 mm and 52.5 mm, respectively, whereas /! = increases by
approximately 110% with decreasing equivalence ratio and enhanced
turbulent fluctuations. Conversely, the dual AB injector (C1) exhibits a
substantial reduction in ;]oh,g from 51.3 mm to 37.1 mm, accompanied
by a consistent I;Dh’g of 5.62 mm at elevated u; up to 120 m/s. At higher
jet velocities, the OH*-CL intensity becomes too weak for statistical
evaluation. Overall, the p-slit injector offers stable flame anchoring
and a consistent location of the maximum reaction zone across the
investigated operating conditions owing to the organised multi-phase
mixture structure rather than variations in droplet size and velocity
components.

Across the investigated operating range, the p-slit configuration
demonstrates comparatively stable flame anchoring and heat-release
dynamics. To further examine the stabilisation behaviour, the spatial
ignition onset locations from the left and right sides of the flame
are shown for different injector configurations in Fig. 10(c). At an
identical equivalence ratio of @=0.6, the C1 configuration exhibits
median values of /;,;, and |x|;,, of 40.1 mm and 5.61 mm, respectively,
indicating reaction onset close to the nozzle edge and exit, consistent
with previous observations [34,47]. The ignition locations display a
relatively large spatial fluctuation, with radial and axial spreads of
6.43 mm and 17.5 mm, respectively. This behaviour is associated with
enhanced three-dimensional turbulence kinetic energy k and droplet
intermittency near the nozzle edge, as shown in the SMM (Figs. S5
and S7). In contrast, the S1 configuration exhibits a lifted median /,,,
of 55.6 mm while maintaining a similar median |x|,,, of 5.67 mm.
The spatial spreads of /,,, and |x|,, are reduced by 12% and 36%,
respectively, relative to the C1 configuration. This suggests that the
reaction onset guided by the airblast wall persists, while the simpli-
fied flow-guiding structure of the p-slit injector suppresses turbulence
fluctuations and promotes more stable flame anchoring. Introducing a
low circumferential velocity in the co-flow for the S3 injector shifts
l;,n, upstream and increases the radial spread of |x|,, at 6.21 mm.
The p-bump-integrated configuration (S2) induces a further upstream
and nozzle-inward shift of the anchoring location, with median values
of /,,, =45.4 mm and |x|,,, =3.76 mm, while maintaining a moderate
spatial spread of approximately 4.1 mm. However, it exhibits larger
median left-right deviations in /,,;, and |x|;,, of 6.21 mm and 2.21 mm,
respectively. This asymmetry may be associated with the radially bi-
ased axial velocity components shown in Fig. 6, while minor fabrication
angle errors or alignment offsets may also contribute.

To further quantify flame stabilisation and structural asymmetry,
statistical metrics are summarised in Table 3. The conventional injector
(C1) exhibits smaller mean differences in flame anchoring coordinates,
with |41,,,| = 0.12 mm and |4x,,;,| = 0.29 mm, compared with 1.48 mm
and 0.48 mm for the S1 configuration, respectively, indicating slightly
better geometric symmetry of the mean flame anchoring, yet with ele-
vated temporal fluctuations. This difference becomes more pronounced
with structural modifications, yielding values of 5.74 mm and 1.92 mm
for the p-bumps configuration (S2), and 2.61 mm and 1.11 mm for
the low-swirl case (S3). In contrast, when considering the overall flame
structure, the S1 configuration shows improvements of 32% (30%) and
16% (60%) in Zasym (A;Sym) and ¥ (v'), respectively, relative to the
C1 configuration. Furthermore, the OH*-CL intensity-based Wasserstein
distance Bwh 1> exhibits reductions of 36% and 53% in the mean and
fluctuations, respectively, with the introduction of the p-slit injector.
The S2 and S3 configurations maintain the structural symmetry char-
acteristics of S1 while producing a more homogeneous heat-release
intensity, with Bwl,, values of 0.14 and 0.11, respectively. Overall,
the introduction of the p-slit injector promotes more homogeneous fuel
placement through the statistically isotropic circumferential topology
of the p-channels, leading to improved global symmetry and unifor-
mity of the heat-release structure and intensity. Meanwhile, additional
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Fig. 9. Averaged OH*-CL images with direct flame imaging for various injector types. C1 (a) and S1 (b) are measured at s, =0.3g/s, u; =120m/s, and T; = 650 K.
Panels (c) to (e) show measurements with conditions changed to i, =0.4 g/s with different injector types. Direct images are not intensity-scaled and are therefore
not directly comparable between the C1 and S1 cases because they were acquired in different measurement campaigns.

Table 3

Summary of OH*-CL field asymmetry and similarity metrics for different injectors at fixed operating conditions (u; =120m/s,

m;=0.3g/s, and @=0.6). |4/,,,| and |Ax,,| represent the mean differences in the lift-off height and radial flame anchoring

location, respectively. A

asym

mean and standard deviation of the normalised cross-correlation. D, ; and D/

the OH*-CL intensity-based Wasserstein distance.

and A/ oym denote the mean and standard deviation of the area asymmetry. y and y’ indicate the

; represent the mean and standard deviation of

Metric s1 s2 s3 c1

[4l,,,] [mm] 1.48 5.74 2.61 0.12

[4x,,,| [mm] 0.48 1.92 1.11 0.29

Ay X 10 [1] 0.40 0.42 0.51 0.59

Al X 10 [1] 0.31 0.31 0.37 0.44

v [ 0.87 0.83 0.87 0.75

v' [ 0.04 0.05 0.04 0.10

Dy [ 0.16 0.14 0.11 0.25

D, [ 0.07 0.06 0.06 0.15

2007, =120 m/s(a-1)|[(b-1)7i1, =

'g' 4 (El Sl) (b-1) 1=0.3g/s reaction field. A similar tendency is observed under variations in jet ve-
g 160 oC1 locity and equivalence ratio (see Table S3 in the SMM), confirming that
'Tg‘ 120 the injector-dependent behaviour persists across operating conditions.
=5 The flame stabilisation mechanism is further examined through the
80 characteristic length scale of a droplet cluster, L., derived from Voronoi
'g' 60 (3-2 tessellation-based droplet spacing and normalised by d,,, evaluated at
E x/D.=0 and x/D,=0.33, obtained at z/D, =2 (Fig. 11(a-1 and a-2)),
w0 40 together with the corresponding cluster-driven group combustion num-
NE (b_2) ber, G, (Fig. 11(b)). The S3 configuration is excluded due to the limited
06 08 10 1.2 80 120 160 statistical representativeness of the cluster-resolved quantities caused
D [-] U;j [m/s] by the sparse and strongly evaporating droplet field. The conventional
70 OSIOCI ;=03 g/s % =120 m/s injector (C1) exhibits the smallest clustering length scale, with mean
— IAS2 ' values of 570 and 620 at the two radial locations, whereas the -
g XS slit injectors produce substantially larger values, with mean L /d,, of
\g 501 1712 (1377) for S1 and 1752 (1160) for S2 at x/D.=0 (0.33). This
NE behaviour indicates that the slit-based geometries primarily modify the
(C) local droplet spacing within clusters rather than the mean droplet size
3010 T 5 T 0 T 5 T 10 itself. Although the large mean values of L./d,, indicate highly dilute

X [mm]

Fig. 10. Effects of @ (panel group a) and u; (panel group b) on the axial
location of maximum OH*-CL intensity, /,,., and the global flame lift-off
height, /,,, ,, for the S1 and C1 configurations. Symbols and error bars denote
the mean and standard deviation. Panel (c) shows /,,, for different injector
types at fixed operating conditions (17, =0.3g/s, u;=120m/s, T;=650K).
Symbols indicate the median values, and the contours represent the third
quartile of the distribution.

structural modifications, such as bumps and the swirler, slightly perturb
the local flow and fuel-loading distribution and break the symmetry
of flame anchoring, while still enhancing the overall uniformity of the
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droplet distributions, the relative differences among the injector con-
cepts reflect changes in the local droplet-droplet interaction strength
within the spray.

Fig. 11(b) presents the cluster-resolved group combustion number,
G,, along the radial locations for the conventional and p-slit injector
configurations. All measured cases exhibit values of comparable order
to the classical group combustion number (see Fig. S2 in the SMM). The
C1 injector consistently shows higher G, values, reaching a maximum
mean value of approximately 1.5x1072 at |x|=4mm (|x|/D, =0.33),
close to the reaction onset location, with similarly elevated values of
approximately 1.0 x 10~2 within the nozzle-core region (|x| < 4 mm).
These higher values indicate reduced droplet spacing and enhanced
local collective evaporation effects, suggesting a departure from purely
isolated single-droplet behaviour rather than a fully developed internal
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Fig. 11. Probability density functions of the normalised clustering length
(L,./d,,) at radial locations x/D, =0 (a-1) and x/D, =0.33 (a-2). Vertical lines
indicate the mean value for each injector configuration. The S3 configuration is
omitted because strong droplet evaporation results in an insufficient number
of cluster samples for reliable statistics; consequently, the corresponding G,
values are not evaluated. Panel (b) presents the radial distribution of the
cluster-resolved group combustion number G, at z/D,=2. Symbols denote
the median values, while the upper and lower bars represent the interquartile
range (IQR).

group combustion regime [57]. At the same time, the larger radial
variation and broader IQR-based spread of G, approximately 5.2 x10~3
and about 2.6 times higher than that of S1, indicate a more intermittent
local combustion environment that contributes to the broader spatial
distribution of flame anchoring points. Such clustering-induced vapour
enrichment can promote earlier ignition and upstream flame stabili-
sation, consistent with previous observations for evaporating droplet
clusters [39,61].

In contrast, the p-slit injectors exhibit the lowest G, values near the
nozzle edge, approximately 1.6 x10~3 with a spread of approximately
1.0x1073, and higher values towards the nozzle interior, with an
average of approximately 5.5 x1073. These low G,, values indicate weak
collective droplet interaction and evaporation behaviour approaching
the isolated single-droplet limit, thereby promoting a more spatially
distributed evaporation-mixing process. Together with the narrower
spread, this behaviour is consistent with the spatially more confined
flame anchoring observed for the p-slit cases. Thus, flame stabilisation
is strongly affected by injector-induced changes in droplet clustering
and the resulting balance between collective and isolated droplet evap-
oration behaviour. It is worth noting that the S2 configuration exhibits
slightly improved radial symmetry of G, compared with S1 while
maintaining a similar spread. The S3 configuration cannot be evaluated
in terms of G, due to the absence of statistically meaningful droplet
clusters in the measurement region.

4.4. Injector performance

Revisiting the shadowgraphy images shown in Fig. 5 (a - ¢), in-
creasing the air preheating temperature (7;) diminishes the existence
of droplets from the p-slit injector due to vaporisation within the fuel
plenum and nozzle exit. This phenomenon can also be observed through
the pressure drop across the injector. Fig. 12(a) illustrates the pressure
drop (4P) in relation to the air preheating temperature, jet velocity,
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Fig. 12. Pressure drop (4P) across the fuel injector as a function of fuel mass
flow rate for different air preheating temperatures (a), jet velocities (b), and
injector types (c).

and injector types. At a lower T; of 350K, 4P increases with ;. At
an intermediate T; of 500K, AP increases consistently with s, yet at
a significantly lower rate due to the enhanced heating of the liquid
fuel and associated reduction in viscosity and surface tension. Upon
increasing 7; to 650 K, AP rises up to 8 bar at a mass flow rate of 0.2g/s
and then decreases until riz; =0.4 g/s. At higher m; the pressure drop
increases again. This is attributed to pre-vaporisation within the fuel
plenum due to heat transfer from the preheated air. This non-linear
AP behaviour with respect to fuel flow rate is also observed for the
jet velocity (u;) variation ranging from 80 to 160m/s, as shown in
Fig. 12(b). Increasing u 5 shifts the first maximum and minimum of AP
during phase transition towards higher s, resulting in higher AP values
after the first peak, i.e., pre-vaporisation is occurring for a broadened i,
range. This highlights the need for further studies on the heat transfer
mechanisms and design optimisation, as well as fuel properties in the
current p-slit type injector.

To observe the effects of fuel injection concepts and design parame-
ters in terms of AP, Fig. 12(c) is presented. Due to the inherently small
hole size (180 pm) of the PS injector, the C1 injector requires a 54%
higher AP at 9.6bar to inject fuel with s, =0.3g/s, compared with
S1. Additionally, at a mass flow rate of r; =0.5g/s, AP substantially
increases to 26 bar. However, for injectors S1 — S3, AP remains below
a maximum of 8bar across all 1, ranges, even with vaporisation. It
is noteworthy that the inner-swirl and wall-film modification cases
exhibit pressure drops similar to S1 (R?=0.92), indicating consistent
reproduction of the stochastic p-channel connectivity (see SMM Fig. S3)
and its corresponding dynamic response by the identical additive man-
ufacturing process. Generally, the PS injector requires a higher pressure
drop at the same fuel mass flow rate, yet increases exponentially under
high fuel loading conditions, indicating higher hydraulic losses asso-
ciated with the swirl chamber design. In contrast, the p-slit injectors
deliver the same fuel mass flow rate at substantially lower AP. The
lower pressure requirement further enables a wider operational range
and faster dynamic response, supporting scalability across different
power ratings. These characteristics highlight the strong potential of the
slit-injector concept for future hybrid aero-engines and micro gas tur-
bine systems. However, it is noteworthy that long-term operation may



Y. Kang et al.

m; @
== (.3 g/s 0.6
=04 g/s 0.8
= (0.5g/s 1.0

38 ppmCISB

[u—

Normalised NOy [-]
=) o
b o

Cl

Cl[34] SI . S2  S3

Typel[-]

Fig. 13. Normalised NOy emissions corrected to 15% O, for different injector
configurations and liquid loading conditions at constant u; =120m/s. The
emissions are normalised using the C1 configuration at m, =0.3g/s (@ =0.6),
corresponding to approximately 38 ppm, as the reference condition, indicated
by the hatched bar. Results are shown for i, =0.3g/s, 0.4g/s, and 0.5g/s
(®=0.6-1.0), together with confined jet-stabilised combustor (CJSB) data
from Ref. [34].

promote deposit accumulation and coking within the p-slit channel,
leading to a gradual increase in hydraulic resistance. Under representa-
tive operating conditions, the pressure drop increased by approximately
5%-10% after 2-10h of operation. This trend is likely associated with
thermally induced fuel decomposition under elevated thermal loading,
particularly at high 7, and low #, where locally reduced flow rates
and stagnation-prone regions may promote deposit formation. Similar
deposits can also be observed in the conventional pressure-swirl injec-
tor, suggesting that deposit formation is not unique to the p-slit concept
but is linked to the broader challenge of thermally loaded liquid-fuel
injection. Such effects may be mitigated through improved thermal
management and thermal isolation between the combustion air stream
and liquid-fuel passages, facilitated by the geometric design freedom of
additive manufacturing.

The normalised NOy emissions, corrected to 15% O,, are sum-
marised in Fig. 13 for increasing liquid loading from rm; =0.3g/s to
0.5g/s (@ =0.6-1.0) at constant u j =120m/s. The emissions are nor-
malised by the open C1 case at n;=0.3g/s, corresponding to ap-
proximately 38 ppm. The C1 case at riz; =0.4g/s was not measured.
At the lean condition, the open C1 configuration exhibits the highest
NOy level despite incomplete combustion with CO emissions exceed-
ing 3300 ppm [40]. In contrast, the open p-slit configurations reduce
NOy to approximately 5ppm while maintaining CO below 30 ppm,
indicating improved flame stabilisation through spatially distributed
fuel discharge and enhanced near-field mixing, consistent with the
stable flame anchoring observed for S1 in the SMM Fig. S9. The
confined C1 combustor from Ref. [34] also shows reduced NOy de-
spite comparable atomisation characteristics (d;, ~10-15pm), owing
to confinement-assisted stabilisation and more complete combustion.
With increasing liquid loading, NOy increases monotonically for both
the confined C1 combustor and the p-slit configurations, reaching up
to approximately 41 ppm. At @ =1.0, the p-slit cases exhibit higher
normalised NOy than the open C1 case, by approximately 40% for
S1 and S2 and 135% for S3, while the absolute levels remain modest
at approximately 24-40 ppm. This increase is attributed to enhanced
combustion progress and stronger OH*-CL intensity, which is indicative
of elevated peak-temperature regions [62], thereby promoting thermal
NOy formation, as shown in Fig. 9. Overall, the p-slit injector enables
stable low-NOy combustion under lean conditions, while increasing
liquid loading enhances combustion intensity and consequently thermal
NOy formation. Compared with C1, the p-slit configuration exhibits
reduced visible soot formation at u; =80m/s and i, =0.3g/s, with
no visible soot observed at u; =120 and 160m/s even at increased
equivalence ratio, as shown in the SMM Fig. S9.
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5. Conclusions

This study demonstrates that additive manufacturing enables
architecture-level control of liquid fuel injection through a continuous
50 pm annular slit topology inaccessible to conventional machining. p-
XRCT analysis confirms a manufacturable slit width of approximately
52pm and reveals stochastic annular wall connectivity near the slit
exit. This circumferentially redistributed exit topology modifies the
local hydraulic resistance field and suppresses persistent sectoral fuel
discharge bias.

As a direct consequence, the initial spray formation transitions
from pressure-swirl-driven intermittent breakup towards intrinsically
annular, spatially distributed microscale liquid sheets. The resulting
injection topology promotes more homogeneous fuel placement with
immediate droplet formation, reducing droplet size, radial asymmetry,
and fuel-loading intermittency. These characteristics improve fuel-air
mixing and reduce scatter in flame anchoring coordinates across a wide
operating range. Additional structural modulation through p-bumps
and low-swirl flow introduces local perturbations in the flow field and
fuel-loading distribution, slightly modifying local anchoring behaviour
while maintaining globally symmetric flame structures.

Voronoi-resolved droplet clustering analysis and the correspond-
ing group combustion number clarify the relative flame-stabilisation
behaviour. Compared with C1, the p-slit injectors show lower group
combustion numbers and weaker collective droplet interaction, indi-
cating evaporation behaviour closer to the isolated single-droplet limit
and a more distributed evaporation-mixing process. Conversely, the
higher values and broader spread observed for Cl suggest stronger
local collective evaporation and vapour-enrichment tendencies, rather
than a fully developed group-combustion regime. These differences are
associated with a downstream, more stable flame anchoring of the p-slit
cases. Furthermore, the results highlight the importance of droplet—
vapour-turbulence interaction and motivate future simultaneous scalar
and velocity measurements, such as fuel-vapour laser-induced fluores-
cence combined with particle image velocimetry.

The p-slit injector operates with a lower pressure drop than the
reference pressure-swirl injector across all investigated operating condi-
tions. However, the non-linear pressure trends indicate possible thermal
interaction between the preheated co-flow and the p-channel, poten-
tially modifying liquid properties and atomisation behaviour while
raising concerns regarding long-term fouling or coking. The resulting
near-field spray topology and distributed evaporation process promote
homogeneous heat release and stable low-NOyx combustion under lean
conditions through improved fuel placement and enhanced mixing,
while maintaining combustion completeness without excessive NOy
penalties over varying liquid loading conditions. The present findings
demonstrate the potential for scalable, fuel-flexible, and low-emission
combustor designs. In particular, the simple slit geometry, leveraged by
additive manufacturing, enables fully integrated multi-nozzle configu-
rations within a single build, potentially reducing assembly complexity,
part count, and structural weight while supporting compact and cost-
effective aero-engine and MGT combustors. Future investigations under
elevated-pressure conditions and varying injector scales are required
to assess pressure-dependent atomisation, thermo-mechanical robust-
ness, stress loading, maintenance-related degradation, and long-term
operational durability of the present p-slit concept.
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