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ARTICLE INFO ABSTRACT

Keywords: The mixing of fuel and air is a key factor in determining NO, emissions during combustion. Lean-premixed
Jet in swirling cross-flow burning strategies allow to control the flame temperature and therefore NO, emissions. However, for highly
Mixing reactive fuels like hydrogen, the high flame speed makes full premixing dangerous due to the increased risk of

CH,/H, combustion
Large-Eddy-Simulation
Experimental mixing visualization

flashback. In these cases, current combustor geometries are often operated in partially premixed modes with
the fuel injected as close as possible to the combustion chamber. This highlights the need for effective mixing
strategies to achieve a high degree of mixing over a short distance. This is even more critical in fuel-flexible
combustion systems (e.g., combustors capable of burning both CH, and H,), as the mixing process is heavily
influenced by the varying properties of the fuel mixture. In such cases, a comprehensive understanding of the
mixing process is required to minimize NO, emissions under all fuel blends conditions. This paper investigates
the mixing of fuel jets into a swirling air cross-flow of a partially-premixed, swirl stabilized combustor using
a combined experimental and numerical approach. The injector features an axial swirler and a mixing tube
where the air and the fuel jets mix before entering the combustion chamber. The experiments are performed
in cold flow conditions. A variable mixture of helium-air is used to represent different blends of CH,-H, fuel,
and the mixing process is visualized by seeding the fuel stream with DEHS droplets. Large-Eddy Simulations
(LES) confirm the suitability of helium as a surrogate for H, by demonstrating similar macro-mixing behavior
for the two gases. This study examines the impact of varying fuel composition and momentum flux ratio (J;,)
between the fuel jet and the swirling cross-flow on mixing performance. The results indicate that fuel with
lower density achieve better mixing with the air at the mixing tube outlet. A numerical analysis of the radial
transport terms reveals that higher H, content in the fuel makes it less subject to outward convection which
causes stratification close to the mixing tube outlet. Furthermore, the contribution of the molecular diffusion
term increases with higher levels of H,, resulting in improved mixing. When increasing J,,;, (up to Jy;, =
10) increases the penetration of the fuel jet into the swirling flow. Above a critical value of J,;,, the mixture
homogeneity at the mixing tube outlet becomes insensitive to J,, for the investigated geometry. Overall, the
fuel composition was found to have a greater influence on the level of mixing close to the mixing tube outlet
than variations in J,

swirl *

1. Introduction carbon-based fuels and H, or any mixture of the two (up to 100% H,),
have attracted significant interest across various industries in recent

Hydrogen is a highly promising alternative fuel for decarbonization years. However, the significantly different combustion characteristics

in many industrial applications, largely due to its carbon-free combus- of H, compared to carbon-based fuels present challenges when used in
tion [1,2] and the possibility of producing it through renewable energy the same combustion chamber design. In combustors burning hydro-

carbon fuels, fully premixing fuel with oxidizer and operating in lean
conditions, is a common strategy to reduce NO, emissions by ensuring a
uniform temperature distribution [5]. For H,, which has a significantly
higher flame speed than carbon-based fuels, the risk of flashback and

via water electrolysis. However, challenges related to the production,
transport and storage of (green) H, [3,4] currently limit its large-scale
adoption, creating uncertainty regarding its availability in the near
future. Fuel-flexible combustion systems capable of operating on both
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thermoacoustic instabilities is considerably increased [6]. To mitigate
these risks and stabilize flames with high H, content, a partially pre-
mixed injection strategy is often employed [7-9]. The fuel is injected
as late as possible upstream of the combustion chamber, while still
ensuring adequate mixing with the oxidizer. Efficient mixing offers
several advantages, including a reduction of NO, emissions [5,10,11],
but also a reduction in the number of fuel injection nozzles required
for operation, simplifying the manufacturing process [12]. A widely
used approach to achieve efficient mixing is the jet in cross-flow
configuration (JICF), in which the fuel is injected transversely into the
oxidizer flow [13,14]. This method is commonly employed in technical
applications requiring efficient fuel-air mixing, such as fuel injection
into burners for gas turbines or even scramjets [15].

The flow development in a JICF configuration with an axial cross-
flow involves four key structures: (1) horseshoe vortices originating
from the jet, (2) windward rolling vortices from Kelvin-Helmholtz
instability, (3) a counter-rotating vortex pair (CVP) dominant in the
far field, and (4) upright vortices in the jet’s wake from cross-flow
boundary layer vorticity. The CVP is critical for mixing the jet with the
surrounding fluid, by entraining cross-flow fluid into the jet [16,17].
The mixing performance is affected by the geometry of the nozzle [18,
19] and the injection angle [20], as they influence the strength and type
of vortical structures. For a given geometry, the mixing is primarily
determined by the jet to cross-flow density ratio S = pje/Perosstiows
the jet to cross-flow velocity ratio R = Uje/Ucrogstiows the jet to cross-
flow momentum flux ratio J = SR> and the flow Reynolds numbers
Re [13,21,22]. It has been widely concluded that the momentum flux
ratio J is the most significant parameter governing the degree of
mixing [23,24]. The results show that, to achieve effective mixing, J
tends to exceed 25, in some cases it even exceeds J > 100 [23]. At
very high values of J (J > 100), the jet behaves more like a free jet in a
static flow [25]. Conversely, for low values of J (J < 1), the jet adheres
to the wall rather than penetrating into the cross-flow, a behavior
commonly used for film cooling in turbine blades [26]. Moreover, the
high diffusivity of jet fluids like H, is expected to have a substantial
impact on the mixing process [27].

More complex cross-flows involve swirling flows, which are often
used to stabilize flames in modern gas turbines [28,29]. If the swirl
number is high enough, a central recirculation zone is formed, which
aerodynamically stabilizes the flame in the combustion chamber away
from the solid components [30]. The mixing of transverse jets with
a swirling cross-flow introduces further complexities, as the flow ad-
ditionally has a tangential velocity component and a radial pressure
gradient. Early research into this interaction focused on the mixing
of helium jets discharged transversely into a swirling flow [31,32], to
account for a density difference between the jet and the cross-flow. The
swirl was found to have a strong effect on the penetration depth of the
jet into the cross flow, reducing it by a factor of 5 for a swirl number
of Sw = 2.25 [31]. On the other hand, the reduced jet penetration
depth is counteracted by the low density of helium (py./p,;). In facts,
the air stream is more subject to centrifugal forces than helium due
to its higher density, which promotes the transport of helium towards
the center of the swirling flow [32]. For momentum flux ratios 0.28
< J £ 12.6 the jets follow a spiral path and advance in the same
direction as the swirling flow. More recently, Tan et al. [33] explored
the mixing mechanisms of H, transverse jets in swirling cross-flows.
Their findings suggest that increasing the swirl number affects mixing
by forming a central recirculation zone and altering the distribution
of shear layers within the flow. The momentum flux ratio affects the
mixing by influencing the velocity of the jet and the uniformity of the
flow.

Swirling flows and jet-in cross-flow configurations with axial cross-
flow have been studied individually extensively in literature. However,
there remains a limited understanding of how different parameters
interact to determine mixing efficiency in jet in cross-flow setups with
swirling cross-flow. In particular, no studies have accounted for the
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effects of varying fuel densities on the mixing process, nor has a
systematic methodology been established to investigate these effects
experimentally and numerically. Understanding the effects of fuel in-
jection parameters and composition on the overall mixing behavior is
crucial for assessing NO, trends and flashback propensity in partially
premixed fuel-flexible swirl-stabilized burners by identifying regions of
fuel accumulation. The present study aims to fill the gap in literature
by investigating the mixing characteristics of a jet in swirling cross-flow
configuration in the dual-fuel (CH,/H,) partially premixed combustor
developed at TU Delft [34,35], through a combined numerical and
experimental approach. Helium/air mixtures are used as a substitute for
the CH4/H, fuel mixture while maintaining a constant mixture density.
Experimentally, seeding the jet stream with droplets allows to visualize
the mixing process and velocity fields in an optically accessible mixing
tube. Large-Eddy Simulations validate this approach by examining the
mixing properties of both the original fuel and its helium/air surrogate.
By varying the momentum flux ratio J and fuel composition, this
research aims to clarify the key factors for achieving optimal mixing in
fuel-flexible combustion systems that operate with substantially differ-
ent fuels. Additionally, the numerical simulations provide insights into
the contribution of different transport terms (convection, molecular
diffusion and turbulent diffusion) to the mixing process.

This paper is organized as follows. Section 2 explains the design
of the combined numerical and experimental study, along with a de-
scription of both set-ups. Section 3 validates the LES simulation with
experimental data, and evaluates the use of helium as a tracer for
H,. Additionally, the mixing behavior under varying fuel composition
and momentum flux ratios (J) is examined. Section 4 summarizes the
key findings of this study, while Section 5 outlines future work and
discusses related considerations.

2. Methodology
2.1. Burner geometry

The present study investigates the fuel/air mixing process within the
TU Delft partially premixed swirl-stabilized combustor, featuring a jet
in swirling cross-flow fuel injection configuration. A schematic of the
set-up is provided in Fig. 1. The air is supplied through an axial swirler
with an analytical swirl number of Swgeom = 1.1 [36]. This study
focuses on the operating conditions outlined in [34], where the burner
operates under different CH;/H, mixtures with a constant thermal
power P = 12kW and a constant mass flow rate of air, consequently
only the fuel flow rates change (see Table 1, left side). When fuel
mixtures with a high percentage of H, are burnt, the axial air injection
(AAI) strategy is adopted to prevent flashback. This is achieved by
injecting part of the combustion air non-swirling on the centerline of
the mixing tube through a channel, visible in the center of the swirler
in Fig. 1. However, this study only focuses on conditions without AAL
Downstream of the swirler exit, the fuel gets injected perpendicular to
the swirling flow through 4 injection ports. The size of the fuel ports
in the reacting case is dy,, = 3.5 mm.

The mixing of fuel and air takes place in the mixing tube with a
diameter of dy;r = 24mm and length /\y; = 60mm. Downstream of
the mixing tube, the mixtures enters the combustion chamber, with a
diameter of doc = 148 mm and /- = 400 mm. The reference frame is
set with its origin on the mixing tube axis, at the combustion chamber
entrance, with the y-axis aligned with the flow streamwise direction.

2.2. Combination of experimental and numerical design

The mixing process of fuel and air in a jet in swirling cross-flow con-
figuration is complex and influenced by many parameters, especially in
set-ups operating with various mixtures of CH, and H,. When studying
the mixing of fuel and air, using a non-reactive surrogate gas is benefi-
cial, as it eliminates the complexities associated with handling reactive
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Table 1

International Journal of Hydrogen Energy 141 (2025) 176-192

Volumetric flow rates of fuel mixtures and diameters of the fuel injection ports for the reacting experiments (CH,/H,) [34] and the corresponding surrogate fuel mixtures (He/air)

atp =1 atm and T = 288.15 K.

CH,/H, reacting case at P = 12kW

He/air surrogate

Tag XH, Oy, [lpm] Ocpy [1pm] dyye [mm] Tag Oy [lpm] 0O, [lpm] dy o, [mm] dy g [mm] dy high [mm]
A 0 0 21.21 3.5% A 11.01 10.58 3.5 1.6 1.4
B 0.4 11.17 16.76 3.5 B, 22.27 7.82 3.5° 1.6" 1.4°
C 0.8 39.2 9.13 3.57 C 42.87 2.25 3.5° 1.6 1.4
D 1 71.8 0 3.5° D, 71.80 0 4120 1.9° 1.6"
2 The set points simulated with LES are indicated.
b Denotes the conditions analyzed only experimentally.
dCC The diameters for the different momentum flux ratios at the different
e dyr fuel compositions are summarized in Table 1.

lCC

Axial air injection

Fig. 1. Schematic of the experimental setup with the reference coordinate system,
including a detailed view of the injector with jet-in-swirling cross-flow fuel inlets and
the axial air injection port.

gases. Helium (He) has previously been proposed as a surrogate for H,.
Although it does not replicate the micro-mixing characteristics of H,
with oxidizers, previous results suggest that it exhibits a similar global
mixing behavior [37]. Following the flow parameters outlined in [21],
it is desirable to match the jet velocity, density, and Reynolds number
in non-reactive scenarios with those of reacting cases.

In this work, He/air mixtures are used as a surrogate for CH,/H,
mixtures, matching both the density and injection velocity of the jet,
while maintaining the same fuel inlet diameter.

To represent the 100% H, case using helium as a surrogate, it is
not possible to match the fuel density, since He is approximately twice
as dense as H,. Therefore, to maintain the same momentum flux ratio
J, the volumetric flow rate of the fuel stream is kept constant between
H, and He, and the fuel inlet diameter is increased when using He.
Table 1 shows the fuel compositions for the reacting case (Tag A - D)
and the corresponding fuel surrogates (Tag A, - D) for the non-reacting
experiment.

Beyond examining the effect of fuel composition on mixing, this
study also investigates the influence of the momentum flux ratio Jg;,
on the mixing. The momentum flux ratio between transverse jets and
swirling cross-flows is defined as follows [33]

U2

Pjet * jet

J.
pair - U2 - (1 +4- Suw?)

swirl —

@

where p is the density and U the axial velocity. In this paper, U,
is taken as the bulk velocity of the swirling air, due to the complex
velocity distribution at the swirler outlet. In addition to the baseline
case (J,,,) representing the surrogate conditions of the reacting case,
two higher momentum flux ratios were investigated (J;;q and Jygy),
calculated according to Eq. (1). This was achieved by decreasing the
diameter of the fuel injection ports and keeping the flow rates constant.
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Fig. 2(a) shows the momentum flux ratio J,, by varying the
percentage of H, in the fuel for the reacting cases (CH,/H,, blue
line) and its surrogate (He/air, J,,,,, green dotted line). The blue line
contains more data points because more conditions were tested in the
reacting conditions than in the surrogate conditions. It can be seen that
the curves of the two mixtures match well, since the density is kept
constant between the fuel mixture and the surrogate fuel. For both, the
momentum flux ratio increases up to XH, = 0.8, and afterwards drops
again slightly. Fig. 2(b) shows the momentum flux ratios for all the
diameters investigated (J,,, green dotted line, J 4, red dotted line,
and Jy;,, cyan dotted line). Instead of maintaining a constant Jg;y
across the different cases, the fuel inlet diameter was kept constant
to better represent a realistic scenario. However, once again for the
surrogate case of XH, = 1, the diameter was increased, to avoid a
significant increase of J;, with respect to the other fuel compositions.
Fig. 2(c) shows the corresponding Reynolds numbers for the cases
displayed in Fig. 2(b). Due to the higher viscosity of Helium compared
to H, and CH,4, some discrepancies are observed in the Reynolds
numbers between the reacting fuel and its surrogate at the same value
of J,in (blue and green data). Additionally, as expected, decreasing the
fuel injection diameter results in an increase in the Reynolds number.
However, for all investigated cases, the flow remains in the laminar
or transition regime. Therefore, the change in Reynolds number is not
anticipated to affect the mixing substantially.

The investigation of the mixing process is carried out within a com-
bined numerical and experimental framework, which is schematically
visualized through the flow chart in Fig. 3. The influence of surrogate
fuel composition on the mixing is assessed experimentally, as well as
the effect of the momentum flux ratio (Jg;;) on the mixing process.
This approach is chosen due to the broad parameters space and the
flexibility of the experimental setup, which allows for easy adjustment
of the fuel inlet diameters to achieve the desired momentum flux ratios.

In addition to the experiments, some test cases are investigated
numerically through Large Eddy Simulations (LES) with a multi-compo
nent mixture model to simulate the turbulent mixing process. The nu-
merical results provide quantitative details about the fuel mass fraction
distribution in the mixing tube and combustion chamber. The 100%
helium case (D in Table 1) is simulated to validate the numerical model
through the comparison of results with experimental measurements.
Then, the cases involving different CH,/H, fuel compositions (cases A,
C and D in Table 1) are analyzed. A comparison between case D and
D, allows to assess the suitability of helium as a surrogate tracer to
represent the macroscopic mixing features of H,. The mixing quality is
analyzed for the different fuel mixtures and the trends are compared to
experimental results for the surrogate cases. The analysis of the terms
in the mass fractions transport equations allows to assess the relative
relevance of convection, molecular diffusion and turbulent transport in
the mixing process of the various species.

2.3. Experimental set-up and methodology

Experiments were performed in a 3D-printed duplicate of the TU
Delft partially premixed CH4/H, swirl-stabilized burner [34,35]. The
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Fig. 2. (a) Momentum flux ratio for CH,/H, mixtures (==) and the surrogate conditions (----), (b) Momentum flux ratios and Re numbers (c) in the fuel nozzles for CH,/H,
mixtures (==) and the surrogate fuel at different momentum flux ratios Jg;,: low(----), mid (----) and high (----). (a) is a zoomed version of (b). (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)

LES

simulations
case A-D

Validation of
He as H,
CH,/H, fuel LES SUILOP AN
i simulation
case D

mixtures .
He/air

Validation
LES for case
D,

S e riments -

case A - D,

Effect of fuel Budget
composition analysis

Effect of fuel
composition
surrogate

Fig. 3. Flowchart of the experimental and numerical framework, with purple boxes representing numerically investigated steps and blue boxes representing experimentally
investigated steps. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

stainless steel axial swirler is reused from the reacting swirl-stabilized
set-up to maintain consistency in the injector geometry. The combus-
tion chamber and mixing tube are made from acrylic, to allow optical
access. The wall thickness of the combustion chamber is 3 mm, and
that of the mixing tube is 0.9 mm. The small wall thickness for the
mixing tube was chosen to reduce reflections and distortion close to
the walls. During the experiments, the mass flow rates for both air and
helium were controlled by Bronkhorst digital mass flow meters with an
accuracy of +0.5% RD plus +0.1% FS.

The mixing process was analyzed using Mie scattering images ac-
quired inside the mixing tube. Since only the fuel stream was seeded,
the Mie scattering signal provides a good approximation of the mixing
level between the fuel and air streams. For this purpose, the surrogate
fuel stream (He/air) was seeded with DEHS droplets with a droplet
size of 0.9 pm (peak of q3 size distribution), generated using a PIVTEC
PIVpart45 seeder. The Stokes number for the droplets is St < 0.1 for
all Jy,,, and J,;4 cases based on the fuel inlet diameter and the fuel
bulk velocity. For the Jy,;, cases, due to the high velocities the Stokes
number is St < 0.18. The Stokes number indicates that the particle
response time is sufficiently low to track large-scale flow structures,
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Fig. 4. Field of view for the optically accessible combustion chamber and mixing tube.
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providing a reliable measure of the average macroscopic mixing [38].
However, since the local Stokes numbers might be locally higher in
shear layers, small-scale turbulent mixing may not be accurately re-
solved. Additionally, the significantly higher density of DEHS droplets
compared to helium, combined with centrifugal forces in swirling
flows, may cause the DEHS droplets to move outward from the vortex
core. Moreover, DEHS droplets do not replicate the molecular diffusion
behavior of helium.

The particles for visualizing the mixing process were illuminated by
a 527 nm high-repetition-rate (1 kHz) laser with a pulse energy of 30
mJ and a pulse width of <200 ns (Quantronix Darwin Duo 527-80-M).
The scattered light was captured with a Photron Fastcam Mini AX 100
(sensor size 1024 x 1024 pixels) with a repetition rate of 1 kHz. The
camera was mounted with a macro lens (105 mm, fstop 8). The laser and
the camera were synchronized with a PTU X in the software Davis 10.
The field of view for the particle imaging in the combustion chamber
and the mixing tube can be seen in Fig. 4. Due to the baseplate of the
combustion chamber, the range between —11mm < y < Omm is not
optically accessible.

In addition to the mixing fields, the flow fields in the mixing tube
and the combustion chamber were obtained using 2D2C Particle Image
Velocimetry (PIV) with the same laser and camera set-up and the
same acquisition parameters. The two laser pulses had a 4r of 10ps
for measurements in the combustion chamber, and 4t of 20ps for
measurements in the mixing tube. The velocity fields were computed
with the cross-correlation algorithm (LaVision, Davis 10 software).
A multipass cross-correlation approach with decreasing interrogation
window size (from 128 x 128 to 16 x 16 pixels) is applied to obtain
the instantaneous velocity vectors in the combustion chamber. The
final interrogation window size with 75% overlap yields a vector
spacing of approximately 0.11 mm. For the mixing tube, a multipass
cross-correlation approach with a decreasing interrogation window size
(from 64 x 64 pixels to 12 x 12 pixels) is applied, which results in a vec-
tor spacing of around 0.12 mm. The data was filtered for outliers (Davis
10 universal outlier detection with median filter) and interpolated from
adjacent interrogation areas. The velocity fields are averaged over 2000
images. The post-processing of Mie-scattered images and the evaluation
of mixing quality are discussed later in Section 2.5, as the same method
for evaluating the degree of mixing is used for both experiments and
LES simulations.

2.4. Numerical set-up and methodology

2.4.1. Large eddy simulations

Large eddy simulation (LES) paradigm is employed for the numeri-
cal analysis of the present case. LES approach allows to directly resolve
most of the turbulent flow field and mixing phenomena, while the
effect of small turbulent structures falling below the computational
grid resolution (subgrid scales sgs) is modeled. The considered fluid is
a multicomponent mixture whose composition, and therefore density,
vary through the mixing process. To deal with non-constant density,
a Favre-filtered (density-weighted) formulation of the Navier—Stokes
equations is employed. The Favre-filtering operator for a generic quan-
tity is defined as ¢ = %, where the overline represents the LES
filter and p is the mixture density [39]. The filtered continuity and
momentum conservation equations are expressed as:

dp | 9(pii;)
—_ 4+ =0 2
ot 0x; @
— — _ sgs
o(pin;)  O(pi;ii;) op 97y aTij
+ =—-—+ — 3
ot ox; ox;  0x; ox;

where p and y; represent the pressure and velocity components, respec-
tively and 7;; denotes the resolved viscous stress tensor. The subgrid
viscous stress tensor is modeled using the eddy diffusivity approach,
such that 7;; + 7,0 = =20 + Hyg,) (S,.j - Skké,-j/3>, where Sij is the
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Favre-filtered strain tensor, and §ij is the Kronecker delta. The dynamic
viscosity for each species y, is calculated as a polynomial function of
the logarithm of temperature, T, using the species transport properties
according to the San Diego chemical mechanism in [40]. From the yu,
values, a simple mass fraction based average is applied to determine the
dynamic viscosity of the whole mixture, u. The subgrid-scale viscosity,
Hsgss is derived from the kinematic sgs viscosity, modeled through a
one-equation approach [41]: v, = ckkiéfz\, where 4 is the LES filter
width, C; ~ 0.094 is a model constant and k,,, is the subgrid-scale
turbulent kinetic energy, obtained by solving an additional transport
equation. This turbulence model is particularly well-suited for flows
with anisotropic turbulence, such as the present case involving swirling
motion and transverse injection. The solution of a transport equation
allows to capture the dynamic behavior of the subgrid turbulence field
with its spatial inhomogeneities and temporal variations.

To analyze the mixing process, an additional transport equation
is resolved for the mass fractions Y, of each species composing the
mixture (i.e. N,, Oy, Hy, He, CHy). Setting to zero the source term
associated to chemical reactions, the transport equation reduces to a
convection—diffusion equation:

oY) 0GLY) 5 [[— My OY,
—_ = D" . 4
o " Tox, o [P Sse ) oy, @

The effective diffusion coefficient on the right-hand side term consists
of two contributes: one representing species transport due to molecular
diffusion and another accounting for subgrid convective transport. The
latter is modeled as an additional diffusion term with a diffusion
coefficient D, = py, /Sc,. A constant turbulent Schmidt number is used
for all the species, set to Sc¢, = 0.7. A mixture-averaged model following
Fick’s law approximation [42] is employed to determine the molecular
diffusion coefficient of each species k with respect to the mixture:

a1-x)

N
=N, Xi/Dy;

v = )
where X, are the species mole fractions, and D,; are the binary
diffusion coefficients for each species pair, expressed as a logarithmic
polynomial function of temperature, following [40]. This approach
ensures that the diffusion coefficient of each species varies in time
and space according to the local mixture composition. Unlike the equi-
diffusivity assumption, it captures inter-species diffusion more accu-
rately and accounts for its effects on resolved scales mixing, including,
for example, separation phenomena in multicomponent fuels.

An energy conservation equation is also solved, as no incompress-
ibility assumption is made. A filtered transport equation for the sensible

enthalpy 4, is therefore solved:
4 foes) OBy
Pr, } ox;

o@ishy)  op _
L2t op o <,,a
J
— Y,

ox; ot 0x;
Dy'hy —
" kaxj>

0 (X
+ —
ox; <;
where a denotes the thermal diffusivity, computed analogously to
the dynamic viscosity and the turbulent Prandtl number is taken
equal to Pr, = 0.85. The equation set is closed through the filtered
ideal gas equation of state and the thermodynamic relation A,
/258.15 x Co(T "dT', where Cp is the mixture’s specific heat at constant
pressure, computed through Janaf polynomials [40].

a(ph)
ot

©

2.4.2. Numerical setup

The Favre-filtered Navier-Stokes equations are resolved in Open-
FOAM v9 through finite volumes method. The reactingFoam solver
is utilized, which supports models for multicomponent mixtures, but
chemical reactions are disabled to focus solely on species mixing sim-
ulation. Pressure-velocity coupling is solved via the PISO (Pressure-
Implicit with Splitting Operator) algorithm with three iterations per
step, supplemented by an outer SIMPLE loop (Semi-Implicit Method for
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Fig. 5. Sketch of the computational grid.

Pressure Linked Equations) that executes two iterations per time step
to handle the other scalar transport equations such as energy, species
and turbulent kinetic energy. Convective terms are discretized with
a second-order central differencing scheme, with an upwind limiter
for regions of strong gradients. The temporal discretization relies on
a second-order implicit backward scheme with a constant time step of
At =2 x 1077 s, ensuring a CFL number below 0.5 in the mixing tube
and combustion chamber entrance regions.

The numerical domain, illustrated in Fig. 5, includes the combustion
chamber, the mixing tube, and the fuel ports, according to the geometry
detailed in Section 2.3. The swirler is excluded from the calculation
to reduce the computational cost and a synthetic turbulence genera-
tor [35,43] is employed to mimic the turbulent swirling flow delivered
at the swirler exit, as described next. A hybrid structured/unstructured
meshing approach is used, to exploit the advantages of hexahedral
elements in terms of cell skewness and non-orthogonality minimization,
but retaining the flexibility of tetrahedral cells to discretize the regions
with more complex geometry. The mixing tube is discretized through
an O-grid where the hexahedral cells have a characteristic size of
A = 0.300.4 mm. A non-uniform spacing is imposed to refine the wall
region, where the first cell height is set to 4,,,; = 0.16 mm corresponding
to y* . < 10 under fully developed flow. The O-grid extends to the
combustion chamber, maintaining a cell size of 4.,; = 0.300.4 mm in
the mixing tube exit region, and merges with an additional annular
structured block. An unstructured block with tetrahedral cells with a
characteristic size of 4.,; = 0.5mm is used in the region connecting
the fuel ports to the mixing tube. A wall refinement is obtained here
through hexahedral layers achieving a first cell height of 4,,, =
0.07 mm. The total cell count is 4.45 M.

The mesh quality was assessed a-posteriori through Pope’s crite-
rion [44], verifying that the subgrid turbulent kinetic energy repre-
sented less than the 20% of the total turbulent kinetic energy (resolved
plus subgrid) k,,, < 20%TKE = 20%(K + k) in the region of interest.
Additionally, a mesh sensitivity analysis was conducted by performing
an LES simulation of case D, on a finer, fully block-structured grid
containing 12.14 million hexahedral elements, which discretized the
entire domain, including the swirler. A comparison of the predicted
time average velocity and species mass fractions fields (not shown)
confirmed that the LES results are mesh insensitive for macroscopic
quantities.

The same simulation was used to characterize the turbulent flow
field at the swirler exit and provide accurate inlet conditions for the
simulations where the swirler is excluded from the computational
domain. Time-averaged fields of the three velocity components U; and
the six components of subgrid velocity variances (and covariances) u;u;
were extracted on a surface at an axial location of x = —60 mm and
imposed as target conditions to a synthetic turbulence generator [43],
along with an integral turbulent length scale of about /, ~ 1/3D,,
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where D, ~ 6mm is the hydraulic diameter of a single swirler vane.
The synthetic turbulence generator produces time-varying inlet velocity
values at every face of the air inlet patch (see Fig. 5), ensuring that
the first and second-order time statistics of the generated velocity field
match the prescribed target values. The velocity field statistics obtained
from the simplified geometry were compared against those from a
refined mesh with the swirler fully resolved. The comparison con-
firmed that the synthetic turbulence method accurately reproduces the
relevant turbulent features in mixing tube and combustion chamber,
thereby validating its use. A constant mass flow rate at a temperature
of T = 288.15K is applied at the fuel ports, consistently with the
considered operating conditions, reported in Table 1. Zero pressure
gradient is imposed to every inlet. Zero normal gradient velocity and
wave transmissive pressure boundary conditions are imposed at the
domain outlet to mitigate the reflection of pressure waves back to the
swirler, with atmospheric pressure set at a distance / = 3m from the
combustion chamber outlet [45,46] . No-slip conditions are applied
to the velocity at the walls and zero-gradient to other quantities.
In regions where the wall refinement is insufficient to resolve the
boundary layer, Spalding wall functions are employed to approximate
the subgrid turbulent viscosity [47]. As mentioned in Section 2.4.1,
the thermochemical properties of the considered species are taken
accordingly to the San Diego kinetic mechanism [40].

In the present set-up, preliminary LES showed a wide range of resi-
dence time values in the different regions of the computational domain,
depending on the various flow features, such as the recirculation zones
originating in the combustion chamber. For this reason, each simulation
is initialized from an LES solution evolved for 7y .., = 1.5s, which is
the total amount of time necessary for a fluid parcel to travel from
the swirler ports to the outlet of the combustion chamber, in order to
obtain a fully developed air flow field. A smaller characteristic time
triow = 0.1s is chosen, coinciding with the flow residence time at the
mixing tube exit, at a location of y = 25 mm. Therefore, each LES is run
for one characteristic time for further fuel stream development after the
initialization, and for additional 2 #,,,, to acquire statistics, for a total of
t,oc = 0.3s. On the 4.45 M mesh, without resolving the swirler, a typical
simulation requires 30’000 CPU-hours to compute one characteristic
time f;),,,. The LES settings are summarized in Table 2.

2.4.3. LES setup summary

In the considered case density is not constant due to mixing of
two different flows therefore the Favre-filtered (density weighted) LES
equations are solved. A transport equation for each species is solved,
in order to accurately capture the mixing process. A mixture-averaged
diffusion model is adopted to accurately compute the local species
diffusion coefficients. This allows to capture differences in mixing due
to the diffusivity of the fuel mixtures, e.g. considering the higher diffu-
sivity of H, and He with respect to air and methane. A one equation k
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Table 2
LES simulation settings.
Parameter Value Parameter Value
e 4.45 M A 0.3-0.4 mm
y:a" <10 Wall functions Spalding [47]
Time step At 2x 107 s CFL,, 0.5
Solver reactingFoam compressible Temporal integration Second-order implicit backward
tior 0.3s Subgrid turbulence model One-equation k, [41]
low 0.1s Computational cost 30k CPU-hours/tg,,,

subgrid-scale turbulence model is used, which is especially well-suited
for representing anisotropic turbulence, such as that found in the jet
in swirling crossflow configuration analyzed in this study. To reduce
computational cost, the domain does not include the swirler, instead, a
synthetic turbulent inflow generator is applied at the mixing tube inlet,
resulting in a mesh of approximately 4.45 million cells. The reference
turbulent inflow field is derived from a previous LES on a finer mesh
(12.14 million cells) that explicitly includes the swirler geometry. This
allows to reduce the required computational resources from 50’000
CPU-hours to 30’000 CPU-hours for the simulation of one characteristic
flow time #;,,, = 0.1 s.

2.5. Evaluation of mixing quality

This section discusses how the mixing is evaluated experimentally
and numerically. Fig. 6 shows the experimental methodology to deter-
mine the particle concentration from Mie scattering images acquired in
the mixing tube. The raw images on the left show the single shot data
acquired for case A, J,, (top) and case Dy, Jy;,, (bottom). Since the
fuel stream is seeded, the particle distribution within the mixing tube
reflects the degree of mixing. Greater penetration of seeding particles
into the center of the mixing tube indicates a higher degree of mixing. It
is evident that the raw image in the top row demonstrates worse mixing
compared to the raw image in the bottom row, as the particles do not
reach the center of the mixing tube. After subtracting the minimum
sliding background (filter length = 9 images), the noise floor was
determined by the 10 percentile of the pixel intensities. A Signal to
Noise (SNR) ratio of 2.5 was chosen, in order to guarantee a sufficiently
high signal. The noise multiplied with the SNR gives the threshold.
Pixel with an intensity below the threshold are set to 0, particles above
this threshold are set to 1 (second column of Fig. 6, step binarization).
Afterwards, the particles per pixel were counted in a time-series of
200 statistically independent images. After calculating the average, the
signal is normalized by its maximum value, and a smoothing filter with
a filter size of 25 x 25 pixels is applied.

The mixing quality of the configuration is evaluated for both ex-
periments and LES simulation with the spatial unmixedness parameter
U,, which is the ratio of the spatial variance in fuel concentration in a
given plane to the maximum spatial variance of the same quantity, and
is defined as [48]

_ {(Clx,y) = (COMNP o
(C) - A =(CM)

C expresses the temporal average, and (C) expresses the spatial
average of C. Consequently, ((C(x, y)—(?y)))z) refers to the variance of
the fuel concentration C and (@) to the average of the concentration
C at a given y-location. For the LES simulation, C refers to the fuel mass
fraction Y;,,,, in the experiments C refers to the particle concentration.
Since no three-dimensional data are available from the experiments, the
degree of mixing is evaluated with planar data of the fuel distribution C
for both, experimental data and LES. U, lays between O for a perfectly
premixed system and 1 for totally unmixed system.

Besides this scalar parameter, a spatial distribution of the nor-
malized fuel concentration is used to show how the fuel distributes
throughout the measurement plane

C*(x,y) = C(x, ) /(C(»)

U,(»)

(8
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C* is a useful parameter to compare cases with substantially differ-
ent fuel compositions, as the fuel mass fraction is locally normalized
by its spatial average at each stream-wise location. An example plot of
C* for the experimental data can be seen in Fig. 6 in the right column,
which shows the normalized particle distribution C*, calculated after
averaging the binarized images (second column) over 200 images and
applying a Gaussian smoothing.

3. Results

This section starts with the validation of the LES by comparing
predicted velocity field statistics to experimental measurements for case
D,, alongside a description of the main swirling flow features. The
mixing behavior is then analyzed based on the computed helium mass
fraction fields and the experimentally determined particle distributions.
Next, the predicted hydrogen mass fraction fields from simulated case
D are compared to the helium fields from D, to assess the suitability
of helium as a tracer for hydrogen macroscopic mixing. The effect
of fuel composition on mixing quality is subsequently investigated
both numerically and experimentally. Due to the significant differences
observed between fuel compositions, the mixing process is further
examined numerically through an analysis of the transport terms of the
fuel mass fraction. Finally, the impact of fuel momentum injection on
mixing quality is assessed experimentally.

3.1. Flow field analysis

Case D at J),, (surrogate case for XH, = 1) is first simulated
numerically and the predicted velocity fields are compared to the
experimentally measured flow field to validate the numerical model.
Fig. 7 shows contour plots of axial (U) and transverse (') velocity field
in the mixing tube and combustion chamber, numerically predicted via
LES and experimentally measured via PIV.

In agreement with experiments, the LES is capable to correctly
predict the vortex breakdown at the transition from the mixing tube
to the combustion chamber. As it enters the combustion chamber, the
swirling flow forms a jet opening under the effect of the sudden cross
section expansion and centrifugal forces.

The combined effect of adverse axial pressure gradient due to
sudden cross section expansion and low pressure at the core, due to
the swirling flow, induces the formation of a central recirculation zone
(CRZ). At the considered swirl number conditions, the CRZ is not fully
contained in the combustion chamber, but it is observed to form in the
last section of the mixing tube, which could not be captured via PIV
because of the baseplate. The LES predicts the location of the stagnation
point at an axial location of y ~ —5 mm. Even if not optically accessible,
the PIV flow field suggests that the stagnation point is located between
—10mm < y < —5mm, coherently with the LES.

The axial and transverse velocity fields predicted by the LES show
the presence of secondary flow patterns at the mixing tube core (see
Fig. 7 LES). A wake region with almost zero axial velocity and intense
inward radial velocity forms downstream of the central AAI duct at the
swirler exit y ~ —60 mm, as the high velocity stream from the swirler
vanes flows towards the mixing tube center to fill this low momentum
region. The combined effect of radial velocity due to this wake region
and the centrifugal force due to swirl gives origin to alternating regions
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Fig. 6. Experimental methodology to determine particle concentration from raw Mie scattering images. From left to right, the process involves identifying the noise floor on
background-subtracted images (first column), binarizing the image based on a signal-to-noise ratio (SNR) threshold of 2.5 (second column), and after averaging over 200 images
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Fig. 7. Average streamwise velocity flow field (a) and average transverse velocity flow field (b) in the mixing tube and combustion chamber obtained experimentally by PIV (left)

and numerically (right) for case Dy at J,, Table 1.

of high and low axial and inward—outward radial velocity, identifying
secondary recirculating structures. The same features can be qualita-
tively observed from PIV measurements, in particular the presence of
low axial velocity at a location about y ~ —50 mm, and the alternating
radial velocity pattern.

Numerically computed and experimentally measured radial profiles
of average velocity in the combustion chamber are quantitatively com-
pared in Fig. 8. A good prediction of the peak values in both the axial
and transverse velocity components is observed. Close to the mixing
tube outlet (y = 8 mm), the LES correctly predicts the peak axial velocity
value within 9%, and the peak transversal velocity value within 6%.
The jet opening is slightly underpredicted by the LES (LES = 22°, Exp
25°), as reflected in the prediction of the radial location of the velocity
peaks for both components across all axial positions. Some asymmetry
is noticed in the experimental values, which introduces discrepancies
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with numerical results on the right side of the observed window. The
backflow velocity along the centerline is also well predicted by the LES,
with an underestimation of its magnitude near the mixing tube exit at
y ~ 0 mm. Higher-order statistics show good agreement, highlighting
the LES’s ability to predict turbulence intensity in the shear layers. The
radial profile of the predicted axial velocity variance, uu, qualitatively
follows the distribution observed experimentally, with a correct predic-
tion of the radial location of the peak values. Close to the mixing tube
exit, y = 2mm — 8 mm, the LES predicts the peak velocity within 20%
accuracy, while further downstream the accuracy increases to 7%. For
transverse velocity variance vo, the LES correctly predicts the three-
peaks radial profile observed experimentally at the mixing tube exit.
The peak located on the centerline corresponds to the stagnation point
upstream of the central recirculation zone and is underpredicted by the
LES by 15%. Shortly downstream, y = 8 mm, the radial variance profile
vo transitions to a two-peak shape, corresponding to the two branches
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of the opening jet. The LES correctly captures this shape from y = 25 mm
on, but a peak on the centerline is still visible up to y = 10 mm, which
is related to differences in the prediction of the CRZ axial location and
jet opening angle.

Overall, the LES appears capable to capture the main flow features,
including the vortex breakdown and the opening angle of the swirling
jet, despite minor underpredictions in the peak velocity values.

3.2. Mixing process analysis

The fuel injection and mixing processes are investigated in this
section. In Fig. 9 the development of the jet in swirling cross-flow
structures is visualized through iso-surfaces of helium mass fraction as
predicted by the LES for the same case D,. The injected fuel stream is
observed to follow a helical path as it mixes with the swirling flow.
Interestingly, the positive and negative axial velocity values on the iso-
surfaces reveal the presence of four counter-rotating vortex pairs, which
consistently originate at the four fuel ports. These structures, formed by
the pressure difference between the windward and leeward sides of the
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jet relative to the incoming swirling flow, are a characteristic feature of
jets in cross-flow, as widely documented in the literature [33,49,50].

Fig. 10(a) shows the normalized fuel concentration C* obtained
from particle tracing in the helium fuel stream for the case D,. The
highest scattering intensity is observed at a location of y ~ 50 mm close
to the fuel ports, where the fuel stream issues into the mixing tube and
penetrates the swirling flow towards the centerline due to its radial
injection momentum. The intensity magnitude and radial gradients of
C* clearly decrease in the streamwise direction as the fuel stream
mixes with the swirling air stream. At the end of the experimental
field of view (y ~ —15 mm), C* drops to about 1 near the outer walls,
while almost no particles are observed at the core, where C* is still
around 0.5. This stratification results from the combined effects of
particle convection towards the center, driven by the radial injection
momentum and associated to the jet in cross-flow development, and
outward transport caused by centrifugal forces and radial velocity
components, as analyzed in subsequent sections.

The time averaged field of helium mass fraction Yy, as predicted
by the LES of case Dy is also reported in Fig. 10(b) and compared to
C* obtained from experiments. Coherently with what observed through
particle tracking, high values of helium mass fraction are observed in
correspondence of the fuel ports, with a decrease downstream as the
helium jets spread and mix with the swirling cross-flow.

Closely downstream of the fuel ports, the numerical results reveal a
pattern of isolated spots with high helium concentration, corresponding
to the sectional view of the helical structures shown in Fig. 9. The
same spots cannot be observed as clearly from experimental imaging
in Fig. 10(a), possibly due to insufficient resolution to capture these
patterns. On the other hand, this could suggest an under-prediction of
turbulent mixing in the LES, and therefore a persistency of the coherent
jet structures described in Fig. 9 up to an axial location of y ~ =30 mm
(memory effect) [51,52]. In this regard, the LES predicts a weaker mix-
ing than experimentally visualized in the first part of the mixing tube up
to y ~ =30 mm. Downstream, stratification becomes more pronounced
than in the LES, which may be due to the centrifugal separation effect.
The particles tend to concentrate closer to the wall, having higher mass
than the gas they track, for which instead a transport equation is solved
in the LES.

As observed experimentally, a stratification of fuel is evident be-
tween the mixing tube wall and the central lean core. This region
appears wider in the LES predictions compared to the experiment
up to y ~ —25mm. From y ~ -20mm the central unmixed core
exhibits a similar width in both the LES predictions and experimental
measurements. The LES further predicts some mixture stratification at
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the mixing tube exit, with helium mass fraction values of Yy, ~ 0.04
close to the wall and Y}y, ~ 0.0286 at the mixing tube core, which are
about 10% higher and 21% lower than the nominal value of 0.0362,
respectively.

3.3. Suitability of He as a H, surrogate

The time-averaged H, mass fraction Yy, field, as predicted by the
LES of case D, is also reported in Fig. 10(c) and compared to the helium
mass fraction field from case D, in order to assess the suitability of
Helium as a surrogate gas to predict the mixing behavior of H, in
the present configuration. As already shown in Table 1, fuel ports in
case Dy have larger diameter than case D, to achieve the same fuel jet
momentum. The two cases display very similar mixing features, such
as the fuel jet penetration and spread rate in the swirling cross-flow,
the length of the lean core and mixture homogeneity at the mixing
tube exit, where the H, mass fraction approaches its nominal value of
0.0184. Higher stratification is observed for H, in case D with respect
to He in the surrogate case D, towards the mixing tube exit. This results
in higher mass fraction values than the nominal at the walls Yy, ~ 0.022
and 30% leaner than the nominal value at the core Yy, ~ 0.013. This
suggests a slightly worse mixing of the H, case D as compared to the
surrogate case D, with helium.

A more quantitative description of mixing process and comparison
of the two cases D and D, is provided in Fig. 11 showing the radial
profiles of time-averaged normalized mass fractions of the fuel agent
C* (left) and the RMS mass fraction values (right) at different axial
locations. The pink lines represent case D (solid) and case D, (dashed).
Results are azimuthally averaged and plotted against the radial coor-
dinate r. In the upstream part of the mixing tube y = —52mm, the
profiles illustrate the radial penetration of the fuel stream driven by the
radial injection momentum. The RMS profiles shows a peak at a radial
location r ~ 8-10 mm, corresponding to the region of steepest radial C*
gradients and identifying the mixing layer between the fuel stream and
the incoming swirling air. At y = —42 mm, the normalized mass fraction
value of both helium (case D,) and hydrogen (case D) reaches a peak
of approximately C* ~ 3 at a radial location of r = 9mm, marking
the most inward fuel reach due to radial injection momentum. Further
downstream, the profile spreads both inwards towards the mixing tube
core and outward towards the wall as the fuel mixes downstream.
The peak radial location shifts outwards, indicating fuel stratification
towards the wall, while its magnitude decreases. Consistently, the RMS
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profiles display a double-peak structure from y = —43 mm downstream.
The inner peak, higher in magnitude, corresponds to the intense mixing
layer on the windward side of the fuel jet, where it interacts with
the swirling air cross-flow. In contrast, the outer peak, which has a
lower rms value, corresponds to the less intense mixing layer on the
leeward side, where fuel spreads outward towards the wall. Eventually,
the mass fraction profile tends to approach C* 1, as the mixture
becomes homogeneous. Consequently, the RMS values diminish, and
the double-peak structure transitions into a single peak, eventually
flattening out.

The Helium mass fraction profiles in case D, (pink dashed line)
closely match the H, profiles of case D (pink solid line), especially close
to the mixing tube exit. At these locations, case D shows slightly higher
peaks of C* than case D, suggesting more stratification when using H,,
consistently with the contour plots in Fig. 10(c). At more upstream
locations (y = —36 mm and y = —52mm), higher He normalized mass
fraction values with respect to H, are observed in a region between
5 and 9 mm from the centerline, suggesting a quicker penetration
of helium towards the core of the swirling cross-flow, as confirmed
by the higher RMS values of Yy, than Yy, at these locations. This is
possibly associated to the overall slightly higher injection momentum
of helium, as shown in Fig. 2(a), and may explain the ultimately more
homogeneous mixture obtained for case D,.

In summary, the LES results for case D, demonstrate strong vali-
dation of the numerical model when compared to experimental data,
showing accurate predictions of the velocity field and reasonable agree-
ment in describing the mixing process. Furthermore, the numerical
results from cases D and D, confirm that helium serves as an effec-
tive surrogate for H, in replicating the mixing behavior under the
present operating conditions, thereby supporting the validity of the
experimental methodology. Building on this validation, the following
section explores the impact of variations in fuel composition on mixing
characteristics, maintaining constant operational power and air mass
flow rate, through both numerical and experimental approaches.

3.4. Effect of fuel composition on fuel-air mixing

Fig. 12(a) presents the spatial unmixedness U, (Eq. (7)) along the
mixing tube for various surrogate fuel compositions, determined from
post-processed Mie-scattering images of the J, ,, cases in Table 1. The
spatial unmixedness, calculated using Eq. (7), is evaluated at multiple
y-locations to assess mixture homogeneity and its streamwise evolution,
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which reflects the rate of mixing. For cases A, B, and C, representing
CH,/H, fuel mixtures of increasing H, content (0%, 40% and 80%
H, in volume, respectively), the unmixedness at the most upstream
location (y = =50 mm) consistently measures approximately U, ~ 0.24.
At y = —15mm, a distinct correlation between higher helium content
and better mixing quality is observed. At this location, cases A and B,
representing a methane mass fraction above 90% in the fuel stream,
yield nearly identical unmixedness values of U, ~ 0.055, while case C;
(representing 66% methane by mass) achieves a slightly lower value
of U, ~ 0.05. In comparison, the full helium case (case D,), which
serves as a surrogate for pure H, fuel stream, exhibits the highest initial
unmixedness value of U, ~ 0.3 and experiences a more rapid mixing,
with respect to the other tested fuel compositions, reaching the lowest
unmixedness value U ~ 0.025 at the tube exit.
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The same analysis is performed using LES (Fig. 12(b)), simulating
the actual CH4/H, fuel mixtures (cases A, C and D) alongside with the
100% helium case (case D;). The simulations confirm the experimental
findings, clearly highlighting that higher H, content in the fuel stream
corresponds to higher upstream unmixedness, close the fuel injection
ports, but it also promotes faster mixing along the tube, leading to a
higher degree of mixing. This behavior may be attributed to a more
inward penetration of the fuel stream towards the central core in the
upstream regions, which increases unmixedness initially but accelerates
mixing and enhances homogeneity further downstream. This is con-
firmed by the results in Fig. 11, where close to the fuel ports location
y = —50mm, higher H, content in the fuel mixtures results in higher
C* values closer to the mixing tube core (r ~ 6-10mm). Consistently,
the inner RMS peak, which identifies the mixing layer, shows higher
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values with increasing H, content and its radial location shifts closer
to the mixing tube axis. Fuel penetration is primarily influenced by
the initial fuel jet radial momentum and fuel diffusion. Moreover,
in a swirled configuration, centrifugal forces act differently on two
streams of different density, so that the air stream is pushed outwards
more than the lighter fuel stream. This effect is more pronounced
upstream in the mixing tube, where density gradients are stronger due
to unmixedness, and it contributes to better mixing for lighter fuels. At
the mixing tube exit, case A (100% methane) exhibits more significant
fuel stratification, with a peak value C* ~ 2, whereas case D shows a
more homogeneous mixture with C* ~ 1.

Both LES and experiments show that unmixedness decreases sharply
between y = =50 mm and y = —30 mm, followed by an asymptotic trend
downstream, suggesting that most of the mixing occurs in the upstream
region of the mixing tube and residual unmixedness stratification per-
sists further downstream. This is coherent with Fig. 11 where the C*
and RMS profile spread out between —52 mm to —36 mm while showing
minimal changes downstream. Further mixing cannot occur due to
balance between convective centrifugal transport and inward diffusion
as further clarified by LES results in the next section. Therefore, when
fixing the air mass flow rate and power setting, stratification appears
inherent to the fuel properties and its injection momentum (which is
constrained by the operating conditions in the considered geometry).

Despite the similarities between LES and experiments, LES predicts
lower unmixedness values at the tube exit compared to experiments,
suggesting better mixing performance for all investigated cases. This
discrepancy arises from differences in measurement methods. While
LES resolves the actual fuel gas distribution, experimental measure-
ments rely on seeding the fuel stream with droplets. As mentioned
Section 2.3, the discrepancies between LES and experimental data may
be related to limitations of the DEHS droplets in representing the
inertial and diffusive behavior of the gaseous fuel.

Nevertheless, both methods successfully capture the overarching
trends, demonstrating that higher H, content consistently results in
lower unmixedness values at the tube exit and that most of the mixing
takes place in the first half of the mixing tube. To further explain the
observed trends, a detailed analysis of radial fluxes in the transport
equations is conducted next, followed by a comparative budget analysis
of the transport terms across different fuel compositions (see Fig. 15).
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3.5. Radial species fluxes

LES data in the mixing tube are further elaborated to provide a
comprehensive overview of the mixing mechanisms in the present set-
up. To this scope, the helium case D, is taken as a reference and the
radial fluxes of helium mass fraction are computed. With reference to
the filtered transport equation in Eq. (4), the radial fluxes are computed
as:

g OV,

Sc, or
where convection J/ is linked to the local helium mass fraction
. . v . . .
and radial velocity component values, while molecular diffusion J 1’)M

and subgrid turbulent transport Jj, are driven by the mass fraction

. —— 0¥y,
J(rju =P Yy, = _pD':le or ‘I[r)

.
JDM sgs &)

gradients. Fig. 13 reports the contour plots of the time averaged radial
fluxes. The convective flux accounts for the majority of the transport
near the fuel ports (y = —52 mm), where the initial jet momentum drives
the fuel into the swirling flow up to a radial location of x = 10 mm. The
secondary recirculating flow described in Fig. 7 and the characteristic
helicoidal fuel stream structures with counter-rotating vortex pair (Fig.
9) give origin to peculiar alternating inward and outward convective
flux patterns. The radial velocity component is quickly redirected by the
incoming swirled cross-flow into stronger streamwise and tangential
components, as the flow in the mixing tube transitions to a homo-
geneously swirling state (Fig. 7). Consequently, the convective flux
decreases to a value below 0.05 at an axial location around y ~ —35 mm,
and the inward (negative) convective flux fades. Further downstream,
the inward component is almost completely suppressed along with
the weakening of secondary recirculation zones (Fig. 7), leaving a
residual outward flux from y = —30 mm downstream. This outward flux
intensifies near the outlet, as the mixture must flow around the central
recirculation zone located close to the mixing tube outlet, Fig. 7.
Analyzing the diffusion fluxes reveals that the molecular diffusion
intensity is comparable to that of turbulent diffusion (in the case of
helium), emphasizing the importance of accurately modeling molecular
diffusion. At most locations (e.g. y > —50 mm), the turbulent diffusion
value is even smaller than the molecular diffusion, suggesting good
mesh resolution and low turbulence level due to the very low Reynolds
numbers of the fuel stream (Re ~ 800). The diffusion flux patterns
follow mass fraction gradients, with the strongest intensity occurring
in the shear layer. In particular, negative diffusive flux (inwards)
is observed towards inner radial regions, in correspondence of the
windward mixing layer between fuel jet and cross-flow, previously
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mass fraction in the fuel composition at a random time

identified in Fig. 11 with the inner RMS peak and maximum mass
fraction gradient. Analogously, at a streamwise location of y ~ —45 mm,
positive diffusive flux, spreading fuel towards the outer boundary
layer is observed, which is associated with the leeward mixing layer.
Consistently with previous observations, most of the mixing appears to
occur upstream of y = —30 mm, where convection and diffusion fluxes
remain strong due to residual radial velocity components (from fuel
injection or recirculation) and significant fuel mass fraction gradients
are present. Downstream of y = —30 mm, these gradients smooth out (as
seen in Fig. 11) and the inward radial momentum dissipates, resulting
in significantly milder mixing. At these locations, the primary factor
contributing to the described fuel stratification is the predominance
of outward convection (driven by the presence of the central recircu-
lation zone at the mixing tube exit), while diffusion diminishes due
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(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

to the mitigated mass fraction gradients associated to the increasingly
homogeneous mixture.

3.6. Radial transport budget analysis

Next, a budget analysis is carried out to evaluate the strength of
transport terms for different fuel compositions and compare them.
Considering the time-averaged form of Eq. (4), and assuming the time
derivative is zero due to steady-state flow, the transport terms given by
the local divergence of species fluxes (—V - J,) must balance, such that:

Lok + DM,k + Dsgs,k =0, (10)

being —C,;, Dy, and D, the species k transport terms appearing
in Eq. (4) associated to convection, molecular and subgrid transport,
respectively. Considering only the radial contribution of the three radial
fluxes to the transport budget of a species k, these terms are computed
as follows:
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The time averaged radial profiles of the budget terms in Eq. (11)
are reported in Fig. 14 for different streamwise locations. These terms
are normalized by the spatial average of the fuel mass fraction at
each y-location to express the transport terms relative to C*, thereby
highlighting the relative significance of each term with respect to the
local level of unmixedness. Negative values of the budget term indicate
that convection or diffusion are transporting fuel away from a specific
radial location, whereas positive values represent transport towards
that location.

Consistently with Fig. 13, at the fuel port exit, convection accounts
for most of the radial transport since the fuel is injected into the mixing
tube with its initial radial momentum. Case A (blue line) exhibits the
highest peak value of the convective transport term due to the higher
mass flow rate of methane compared to the other cases (see blue line,
left column last row in Fig. 14). However, cases with higher H, content
(yellow line C and pink line D) exhibit a further fuel entry towards the
center of the mixing tube, as indicated by a more inward peak location
in the convection profile and a wider distribution of nonzero values
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extending further inwards. This behavior, consistent with the trends
described earlier (Figs. 11-12(b)), is associated with the higher fuel
momentum in these cases.

Further downstream, at y = —42 mm, the convection term continues
to transport fuel radially inwards for all the cases, from r = 4 mm (peak
of negative budget value) to r = 8-9 mm (peak of positive budget value).
As expected, the convection term has lower values here than at the fuel
ports, where the radial velocity due to the injection is at its maximum.
At this downstream location, convection is primarily driven by radial
velocity induced by the secondary recirculations described earlier (Fig.
7).

The diffusive transport (both molecular and turbulent) displays a
double-peak profile (middle and right column in Fig. 14), indicating
fuel transport via diffusion from r ~ 9-10 mm (where the maximum fuel
mass fraction appears, as shown in Figs. 11 and 10) both towards the
mixing tube core (up to r = 4mm) and outwards into the boundary
layer, as previously described. Although diffusive transport is two
orders of magnitude weaker than convection, it still promotes fuel
transport towards the center at each streamwise location. Notably, in
cases C and D, the molecular diffusion of H, has similar magnitudes as
turbulent diffusion, and between r = 4mm and r = 6 mm, it becomes
comparable to convection.

Towards the mixing tube exit (y = —12mm and y = —5mm), the
intensity of convection is drastically reduced by an order of magnitude
for all the cases. Here, radial transport is primarily driven by outward
radial velocity associated with vortex breakup and the presence of
the central recirculation zone (CRZ) at the tube exit (Fig. 7). At this
location, convection appears to promote stratification, while diffusion
opposes it. In facts, H, and helium (cases D and D,) are less subject to
outward radial convection as compared to methane and CH,/H, mix-
tures (case A and C) due to their lower density, while their molecular
diffusion remains significant, ultimately displaying the lowest levels of
unmixedness and stratification.

Interestingly, Fig. 14 demonstrates how the species in a multicom-
ponent fuel are subject to different transport mechanisms. Specifically,
in case C (XH, = 0.8), hydrogen’s diffusive transport (yellow dashed
line) exhibits peak values approximately 50% higher than methane’s
diffusive transport (yellow solid line). Conversely, convective and tur-
bulent diffusion transport are nearly identical for the two species. The
effects of these differences in diffusivity are illustrated in Fig. 15, which
shows the local drift in the hydrogen-to-fuel mass fraction ratio relative
to its nominal value at injection, thereby highlighting the H,/CH,
separation within the fuel mixture. Hydrogen diffuses more signifi-
cantly than methane across the upwind and leeward mixing layers, both
reaching deeper into inner mixing tube core and forming a hydrogen-
rich zone (red values) at the boundary layer, where molecular diffusion
dominates over turbulence.

3.7. Effect of Jg;, on the fuel-air mixing

The previous sections examined the effect of varying fuel compo-
sitions on mixing characteristics. The budget analysis of the transport
terms showed that the convective term contributes most significantly
to mixing, particularly just downstream of the fuel injection ports. This
suggests that the majority of mixing occurs near the injection points.
Consequently, this section explores the impact of varying the value of
Jowir to enhance mixing. Additionally, it assesses the influence of fuel
composition or Jg,;; on the mixing process.

Fig. 16 shows, on the left-hand side, the spatial unmixedness (U,)
for various jet to cross-flow momentum ratios (Jg,;; defined in section
combination experimental & numerical design, Fig. 2(a)) at different
streamwise locations for the 100% H, surrogate (case D). The graph
clearly shows that close to the fuel injection point (y = —50mm) the
value for U decreases as J,;,; increases. This trend is intuitive because
higher values of J,;, correspond to deeper jet penetration into the
swirling flow, allowing more helium to reach the centerline of the flow.
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This behavior is also evident in the contour plots of the normalized fuel
distribution C* (Fig. 16, right-hand side). These two contour plots zoom
in the region between y = —50mm and y = —40mm, for J;, = 0.24
(which corresponds to the base case analyzed in Fig. 10(a)) and J; =
9.9. At y = —45 mm, the dark blue region, representing areas with few
or no particles, narrows significantly as J;, increases. For J; = 9.9,
the value for U drops below 0.1 upstream of y = —40 mm, and remains
nearly constant throughout the field of view in the mixing tube (till
y = —15mm). This is reflected in the contour plot, where the particle
distribution for J,;; = 9.9 appears nearly uniform by y = —40mm.
In contrast, for J,, = 4.85, U, decreases more gradually, reaching a
similar value to Jg;; = 9.9 at y = —20 mm. This behavior suggests that,
as discussed previously in Fig. 14, mixing near the injection point is pri-
marily driven by convection, which is weaker at lower J;,. However,
the mixing tube is long enough to ensure a low unmixedness value even
if Jgi is reduced to Jg, = 4.85. For the lowest investigated Jg;,
the initial level of unmixedness is considerably higher compared to the
higher J,;, values. Nevertheless, as the flow progresses through the
mixing tube, the unmixedness steadily decreases. While it approaches
the levels observed for higher J;, values, it does not achieve the same
degree of uniformity within the field of view. This suggests that for the
lowest J;, a longer mixing tube would be required to reach the same
unmixedness level as for the higher J;, values.

Fig. 17 presents the experimental results for the spatial unmixedness
values and the normalized fuel concentration C* for a lower H, content
surrogate (case Bg, XH, = 0.4). Interestingly, the case with a higher
momentum flux ratio (J;; = 6.8) exhibits greater unmixedness in
the upstream region of the field (y = —50mm). This is likely due to
the pronounced asymmetry observed in the case with a lower Jg;,
(Jgwiry = 0.17), as reflected in the contour plot for C*. Focusing on
the range —11mm < x < Omm, C* for J,;,, = 6.8 shows a higher
penetration depth, evident from the region of high particle density
(dark red areas). Additionally, the length of these red regions in the
streamwise direction is reduced for the higher J;,, suggesting that
the mixing process occurs more rapidly. Further downstream (beyond
y = —30mm), the unmixedness value for the case with higher J, is
lower than that for lower Jg,,, indicating that the mixture enters the
combustion chamber at a higher degree of mixing. This observation
aligns with the trends shown in Fig. 16. Comparing Figs. 16 and 17
it is evident that unmixedness is lower for all investigated Jg,;, in
case D; compared to B close to the mixing tube outlet. This indicates
that the fuel composition has a more significant effect on the mixing
performance than J,;,. As previously mentioned in Section 3.5, a
fuel stream lighter than air experiences lower centrifugal forces than
the swirling air stream, which, in this configuration, promotes better
mixing and allows the fuel to more easily reach the core. Furthermore,
as analyzed in the previous section, helium (or H,) are less affected
by outward radial convection at the mixing tube outlet than methane
(or its surrogate gas) due to their lower density, resulting in reduced
stratification. Additionally, helium exhibits higher inward diffusive
transport due to its greater molecular diffusivity.

4. Conclusions

The present study proposes a combined experimental and numer-
ical approach to investigate the mixing behavior of a jet in swirling
cross-flow configuration, representative of a lab-scale injector of a
partially-premixed, swirl-stabilized burner. Mie scattering images of the
seeded fuel stream enable particle count techniques to evaluate the
degree of mixing, while Large Eddy simulations (LES) solving species
transport equations are used to study the problem numerically. The
study focuses on the influence of fuel composition and jet to cross-flow
momentum flux ratio J,;, on the mixing process. Mixing performance
is evaluated using a spatial unmixedness parameter U, and by ex-
amining the radial profiles of species mass fractions obtained from
numerical simulations. To represent CH,/H, fuel mixtures, helium/air
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mixtures with varying helium concentrations are employed, with the
suitability of helium as a surrogate for H, validated through numerical
simulations. The key conclusions are as follows:

1. Helium is validated as a reliable surrogate for hydrogen for as-
sessing macroscopic fuel-air mixing trends in partially premixed
swirl-stabilized injectors. A suitable strategy to use helium is to
keep the momentum flux ratio J;, constant. Due to the higher
helium density, equal jet momentum (at constant mass flow rate)
has to be achieved by adjusting the fuel inlet diameter.

. In fuel blends of CH, and H,, the higher diffusivity of H, into
air with respect to CHy can result in a H, rich region at the
mixing tube wall near the entrance in the combustion cham-
ber, exacerbating potential criticalities related to boundary layer
flashback.

3. For similar values of Jg;,, decreasing the density of the fuel
stream improves mixing. Convection dominates mixing near the
injection ports, but it drives outward fuel stratification down-
stream, near the mixing tube exit. In contrast, molecular diffusion
transports fuel species across the jet’s windward and leeward
shear layers, enhancing mixing towards the mixing tube center
at all streamwise locations. H, and He undergo less downstream
stratification because of their lower density and higher molecular
diffusivity compared to CH,4, both improving mixing.
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4. The fuel density has a more significant influence on the degree
of mixing than the level of J,,. This is due to the fact that
lighter fuels are less subject to outward convection, therefore less
prone to stratification, and their higher diffusivity promotes their
mixing towards the central core.

. A higher value for J;, results in a higher penetration depth
of the jet into the cross-flow, which decreases the initial level
of unmixedness. The results indicate, that a critical Jg;, value
exists beyond which, at any given mixing tube length, the final
unmixedness level is insensitive to fuel injection momentum Jg;-

5. Outlook & considerations

The non-reacting results indicate that increasing the H, content
improves mixing in fuel-flexible (CH4/H,) combustion systems with
a jet in cross-flow configuration. Enhanced mixing with higher H,
content could contribute to reduced NO, emissions, assuming constant
adiabatic flame temperature, by lowering the operating equivalence
ratio. However, due to hydrogen’s significantly higher flame speed, the
flame may anchor further upstream in regions where the fuel and air
are less premixed, potentially increasing NO, levels. As such, direct
estimation of NO, from non-reacting mixing data alone is challenging.

An increase in Jg;; improves mixing across all H, fractions, which
could favor reduced NO, emissions. However, a critical Jg;, value
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was identified, beyond which further increases no longer significantly
enhance mixing. This finding is particularly relevant for reacting con-
ditions, as it suggests the existence of an optimal mixing tube length,
beyond which further extension offers no mixing benefit and may
increase the risk of flashback in Hy-rich flames.

While non-reacting studies provide valuable trends, they may not
fully capture the behavior under reacting conditions. Nevertheless, they
offer useful insights into mixing characteristics and flame anchoring be-
havior. Future work will focus on validating these non-reacting findings
under reacting conditions, specifically examining whether changes in
mixing degree correlate with NO, emissions and how fuel distribution
affects flashback limits.
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