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Introducing H, as fuel in gas turbines is a promising step towards decarbonizing the energy sector. However,
the future availability of H, in large quantities remains uncertain. Consequently, designing fuel flexible
(CH,/H,) combustion chambers for various fuel blends is necessary. The distinct combustion characteristics
of H,, such as high flame speeds and high adiabatic flame temperatures, pose challenges when designing
systems that can operate in a stable manner and with low emissions across a wide range of fuel mixtures. This
paper investigates the fuel-flexibility of an atmospheric laboratory scale, partially premixed swirl stabilized
combustor. By deploying a non-rotating axial air jet (AAI) in the center-line of the swirling flow, the flashback
risk for high H, content fuels is minimized. This study provides detailed insights into AAI’s interaction
with CH,/H, fuel blends, analyzing the resulting flow field from Particle Image Velocimetry, emissions from
exhaust gas analyser measurements, and flame structures from OH* chemiluminescence and OH Planar Laser
Induced Fluorescence. The results show that AAI enables flame stabilization across the full range from 100%
CH, to 100% H, in the same injector geometry. However, a high portion of the total airflow must be
injected axially to stabilize H, flames. Increasing the level of AAI increases NO emissions and alters flame
stabilization mechanisms. This is likely due to a decrease in mixing quality, resulting in the fuel staying close
to the periphery of the mixing tube. Switching the fuel from 100% CH, to 100% H, leads to an increase
in NO emission, despite lower adiabatic flame temperatures for the perfectly premixed case. This indicates
that the mixing process and flame location within the combustion chamber are essential in controlling NO
emissions. Moreover, the flow field transforms significantly from a swirl-stabilized flow field featuring an
inner recirculation zone to one resembling the one of a jet flame.

1. Introduction lead to flashback [5,6]. Fully premixed combustion systems became

the standard in many power generation applications, mainly because

In the past decade, the interest in hydrogen (H,) has increased
substantially. Largely, due to its carbon-free combustion, it stands out
as an attractive choice to conventional fuels in many sectors [1,2].
However, challenges in the production, transportation, and large-scale
storage of (green) H, [3,4] make the availability of H, in the near-
term future difficult to predict. Consequently, it is crucial to develop
combustion concepts capable of operating with a wide range of fuel
mixtures, from entirely conventional fuels to pure Hy,. When H, is
burnt in systems designed for conventional carbon-based fuels, its
substantially different combustion properties can have adverse effect on
the combustion process and the reliability of the combustor. Higher adi-
abatic flame temperatures at the same equivalence ratio increase nitric
oxide (NO,) emission. Moreover, the high reactivity and flame speed
H, can alter the flame position in the combustion chamber. This can
potentially affect the mixing of oxidizer and fuel, and in the worst case,
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they enable low nitric oxide (NO,) emission. However, especially with
fast-burning fuels like H,, the flashback risk is significantly high to
ensure safe operation [7]. Partially premixed combustion, achieved
by injecting the fuel as late as possible upstream of the combustion
chamber, is a widely used approach to keep NO, emissions low while
minimizing the flashback risk. Nonetheless, achieving rapid mixing of
fuel and oxidizer before entering the combustion chamber remains a
significant challenge. Innovative injector designs, like micro-mix, have
been proposed [8], where the fuel gets injected in jet-in cross-flow
(JICF) configuration into the air through small air guiding panel struc-
tures. The fuel injection through multiple miniaturized fuel jets results
in the formation of micro flames, producing low NO, emissions and
providing inherent safety against flashback. Nevertheless, this solution
requires significant modifications to the combustion chamber geometry
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and introduces a high pressure drop across the injector, which nega-
tively impacts gas turbine performance. As a stopgap solution existing
injector geometries can be modified, to be able to accommodate a range
of mixtures of conventional fuel and H,. Swirl stabilized combustion is
the most suitable form of flame stabilization in modern gas turbines,
by aerodynamically stabilizing the flame in the combustion chamber
away from solid components [9]. The swirl number Sw is defined as the
ratio of the axial flux of tangential momentum to the axial flux of axial
momentum. Strongly swirling flows are characterized by substantial
radial and axial pressure gradients: above a critical swirl number, these
result in the formation of an inner recirculation zone (IRZ) [10]. Due
to low velocities in the IRZ and the transport of radicals back to the
reaction zone, flames can be aerodynamically stabilized even in lean
conditions.

However, the low-velocity region in the core of the swirling flows
increases the propensity to flashback, particularly for highly reactive
fuels like H,. High swirl numbers are especially prone to flashback,
due to a strong velocity deficit on the centerline of the swirling flow
and the increased risk of flashback due to combustion-induced vortex
breakdown [11]. Several strategies were proposed to decrease the flash-
back propensity, such as axial injection of a central air jet (AAI). This
axial jet decreases the flashback propensity by decreasing the velocity
deficit on the center line of the swirling flow and by shifting stagnation
point of the IRZ downstream, preventing flashback due to combustion-
induced vortex breakdown [12]. Reichel et al. [13,14] experimentally
demonstrated that AAI improves the flashback resistance for H, flames
while keeping the NO, emissions below 10 ppm in the exhaust. Another
option to overcome the velocity deficit on the center line is injecting
a part of the fuel in axial direction on the centerline, as implemented
by the Siemens SGT-700/800 burner [15]. However, this might lead
to a fuel-rich core, which can result in a steep rise in emissions. More
recently, the HYLON injection system has shown promising results in
stabilizing a 100% H, flame for selected operating conditions, by inject-
ing H, non-premixed swirled through a central pipe a few millimeters
before the combustion chamber [16,17]. However, the scalability to
higher power settings or a higher technology readiness level (TRL)
remains uncertain due to the multitude of design variables in the set-up.

Several studies investigated the effect of H, enrichment on CH,
flames in swirl stabilized burners. Under perfectly premixed conditions
it has been observed that H, addition lowers the equivalence ratio
for both lean blow-off and flashback limits, primarily due to increased
reaction rates and flame speeds [18-20]. This is also the reason why the
flames become shorter and more compact flames with increasing level
of H, [19,21]. Liu et al. [22] showed that H, addition triggers a flame
shape transition from M-flame to I1-flame. This changes the flashback
mode from flashback due to combustion induced vortex breakdown
to boundary layer flashback. Similarly, An et al. [23] investigated
the effect of H, enrichment on the flame shapes in a laboratory-scale
low-swirl burner. Mao et al. [24] observed that for increasing Hj-
content, the flame moves upstream in the outer shear layer (OSL)
and finally anchors as an M-flame on the injector rim. In the study
of Guo et al. [25] it has been shown that H, addition increases the
OH-radical concentration and the overall reaction rate in the reaction
zone. This is expected to reduce the strength of the inner recirculation
zone (IRZ) [26,27] due to a high acceleration of the flow, leading to
increased temperatures in the reaction zone. Consequently, this leads to
rising NO, emission values for increasing H, contents, despite decreas-
ing adiabatic flame temperatures and decreasing residence times in the
reaction zone. It also has been shown numerically that H, addition can
largely increase the NO formation via the NHH pathway [28], which
can contribute significantly to the overall NO emissions [29].

However, most studies on H, enriched CH,/air-swirling flames have
not investigated H, contents exceeding 80% by volume [30]. Given
the low molecular weight of H,, transitioning from 80% to 100% H,
represents a significant change in fuel composition (in mass and energy
content). This alteration affects both the chemical and the physical
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processes occurring in the reacting flow, thereby posing considerable
challenges for combustor operations.

Currently, there is limited experimental work available, which com-
prehensively studies lean partially premixed combustion across the
entire range from 100% CH,4 to 100% H,. Therefore, addressing the
challenges associated with burning a wide range of H,-enriched fuel
content fuels in a conventional swirl stabilized geometries remains
largely open. The presented burner operates at atmospheric conditions
and employs fuel injection in jet-in cross-flow configuration (JICF)
configuration. JICF, where fuel is injected perpendicular to the airflow,
has emerged as one of the most promising solutions to mix two fluids
in a limited space [31]. This work is novel in its exploration of dual-
fuel combustion with JICF injection combined with axial air injection
(AAI). The distinct combustion properties of CH, and H, are expected
to significantly impact the flame properties, and consequently the
interaction with AAIL Furthermore, the mixing performance of the JICF
is anticipated to be strongly influenced by the fuel jet properties, which
can, in turn, affect the overall combustor performance. This study aims
to provide insights into the performance of the AAI concept across a
wide range of fuel compositions, by examining the flow field, the flame
shapes, and the NO emissions.

Various measurement techniques, including OH-Planar laser-
induced fluorescence (OH-PLIF), particle image velocimetry (PIV),
OH* Chemiluminescence, and an exhaust gas emission analysis are
employed to provide valuable insights into flame/flow interactions
for different fuel mixtures and into the effect of AAI on the burner
performance. To further comprehend the influence of the swirl number
in combination with AAL experiments are conducted with two different
swirl numbers.

The paper is structured as follows: Section 2 presents an overview
of the experimental setup and the measurement techniques. Section 3
discusses the effect of H, enrichment and AAI on the operational range,
flame/flow interactions, and emissions. Finally, Section 4 summarizes
the most important findings of this study.

2. Experimental set-up

In this section, the experimental set-up, as well as the diagnostics
techniques used to characterize the burner, are described.

2.1. Burner geometry and operating conditions

Reacting experiments were conducted in an atmospheric laboratory
scale combustor with a partially premixed single-stage axial swirler
at the sustainable aircraft propulsion laboratory of TU Delft [32,33].
A schematic of the set-up is provided in Fig. 1. The outlet of the
combustor connects to a flexible exhaust with an inner diameter of
150 mm and a length of 1.6 m. The combustor is operated in a partially
premixed configuration. The combustion air gets supplied upstream of
the fuel injection through an axial swirler with an axial air jet on the
centerline of the swirling flow [13]. The axial air jet (AAI) is injected
through an 8 mm diameter port on the centerline of the swirling flow.
The axial airflow is a part of the total air available for combustion and
is therefore always given as the percentage of the total air mass flow
rate y =g/ (Mgir + Mpnp)-

The axial swirler, which surrounds the axial air port is designed with
swirl numbers of 0.7 and 1.1 based on [34]

_ Gy 1 1=(Ry/R)*
R, G, 1-w (R,/R,)?

Sw tan(¢) 1)
with Gy being the axial flux of tangential momentum, G, the axial
thrust, y the blockage factor, @, the tip vane angle and R, and R,

respectively the outer and hub radius of the swirler vanes (R, = 12 mm
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Table 1
Operating conditions for the design points at constant air flow rate.

Design points at P = 12 kW and ,;, = 5.1 -10 kg/s

Tag XH, Uy [m/s] ¢ Tu Kl J Preact! Pprod
A 0 10.45 0.75 1942 0.48 6.40
B 0.25 10.62 0.74 1930 0.55 6.33
C 0.4 10.75 0.73 1921 0.61 6.26
D 0.6 11.01 0.71 1908 0.68 6.13
E 0.8 11.44 0.68 1895 0.75 5.94
F 1 12.26 0.62 1858 0.67 5.60

and R, = 5 mm). G, and G, can be obtained by solving the following
equations

R
G, = 27:/ pUrdr
% @
Gy = 27r/ pUV 2dr
0

The burner operates on different fuel mixtures (CH4 and H,) in-
jected through four nozzles with a diameter of dg, = 3.175 mm in
jet-in cross-flow configuration into the swirling flow, 6 mm downstream
of the swirler exit. The mixing process of fuel and oxidizer takes place in
the mixing tube with a diameter dy;r = 24 mm and length l;r = 60 mm.
Due to a low momentum flux ratio J = p e * 4,/ Pair Uy, [35] and a
short mixing tube, the mixture is anticipated to be partially premixed
when entering the combustion chamber. Furthermore, it is expected
that the mixing process is influenced by the density ratio between the
jet and swirling flow [35] as well as the level of axial air injection [13].

Downstream of the mixing tube, the fuel-air mixture then enters the
optically accessible quartz combustion chamber (d¢c = 150 mm and 1
= 400 mm). At the reference case the combustor operates with CH, at
an equivalence ratio ¢ = 0.75 at a power of P = 12 kW (corresponding
to a total air flow of m,, = 5.1 -1073 kg/s and fuel flow gy, = 2.2
-10~* kg/s). The mass flow rates for both fuel and air are controlled
by Bronkhorst digital mass flow meters with an accuracy of +0.5% RD
plus +0.1% FS. Due to the flow rate limitations of the CH, mass flow
controller, it was not possible to reach operating conditions between
85% and 100% H,.

When H, is added to CH,, the thermal power P and the total air
mass flow rate m,;, are kept constant. The overall equivalence ratio for
the mixture is calculated with

ficy, + iy,
p=s— 2 3
Mgy
The stoichiometric ratio s is defined as:
2 - 1.5XH2)(W02 +3.76Wyy)
5= C)]

Xen,Wen, + Xu, Wh,

with Xy, and Xy, being the mole fractions of H, and CH, in the fuel
mixture, and W the molar masses. The Reynolds number with respect
to the mixing tube diameter is around Re = 16,000 for the conditions
at P =12 kw.

Table 1 shows an overview of the operating conditions at the design
point of 12 kW for different H, contents XH,, including the equivalence
ratio ¢, the adiabatic flame temperature 7,,, the momentum flux ratio
J and the thermal expansion ratio. T,; and the thermal expansion
ratio preuei/Pproa Were calculated for laminar premixed flames with
CANTERA [36] using GRI 3.0. Table 1 shows, that ¢, T,;, and the
thermal expansion ratio are decreasing for increasing XH,. Due to the
increased volumetric flow rate of the fuel for increasing XH,, the bulk
velocity in the mixing tube is increased. The highest value for J is for
XH, = 0.8. The points were tested at three different levels of AAL 0%,
10%, and 20% for the two different swirl numbers. If no flashback oc-
curred, measurements have been taken for the corresponding operating
conditions.
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2.2. Measurement techniques

Particle imaging velocimetry (PIV)

Flow fields in the center plane under reacting conditions were
obtained using 2D2C Particle Image velocimetry (PIV). TiO, particles
with a size of 0.5-1 pm were introduced into the swirling air stream
as seeding particles. The particles were illuminated by a 527 nm high-
repetition-rate (850 Hz) laser with a pulse energy of 30 mJ and a pulse
width of <200 ns (Quantronix Darwin Duo 527-80-M). The thickness
of the laser sheet was around 2 mm to minimize out-of-plane particle
displacement between the two laser pulses. The two pulses had a
At of 37 ps. The scattered light was captured by a LaVision Imager
pro HS4M camera (sensor size 2016 x 2016 pixels) with a repetition
rate of 850 Hz. This results in a resolution of 24.35 pix/mm. The
camera was mounted with a macro lens (180 mm, fstop 2.8) and
equipped with a bandpass filter 532 +10 nm. The raw images were
scaled using a calibration image and then background-corrected by
applying a minimum sliding background subtraction over nine images.
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 96 x 96 to 32 x 32
pixels) is applied to obtain the instantaneous velocity vectors. The final
interrogation window size with 50% overlap yields a vector spacing of
approximately 0.83 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 and normalized by the bulk velocity in the mixing tube Uy;r.

The systematic error of PIV was examined by correlation statistics
method (LaVision, Davis 10 software) and the results indicate that the
estimated uncertainties of velocities are lower than 5.0%.

OH* chemiluminescence

The OH* signal was captured with a Tucsen CMOS camera,
equipped with a UV lens and an optical filter with a width of 50 nm,
centered at 325 nm. The images were acquired at a frequency of 10 Hz.
The inverse Abel transform [37] was applied to time-averaged OH*
results (over 100 single shot images) so that the distribution of OH*
signal on the symmetric plane of the flame was obtained. This OH*
distribution can be used as an indicator of the location of heat release
[38]. For the Abel transform, each image is first normalized by the
maximum pixel value of the image. After the Abel transform, the signal
is again normalized by its maximum value, and a smoothing filter with
a filter size of 25x25 pixels is applied. This reduces the noise caused by
the Abel transform but did not distort the shape of the flame.

OH-PLIF

The OH-PLIF measurements were performed by exciting the Q1(8)
transition of the OH radicals with 283.55 nm laser radiation.
A frequency-doubled (532 nm) Nd:YAG laser (Q-Smart 850 from Quan-
tel) was used to pump a tunable dye laser (Sirah Cobra Stretch),
operated with Rhodamine 590 dye. The dye laser output (566 nm)
was then frequency-doubled and tuned to the Q1 (8) transition. A laser
sheet, approximately 100 mm high and 1.5 mm thick, was formed using
sheet forming optics. A CMOS camera (LaVision Imager M-lite 5M)
detected the OH-PLIF signal. The signal was intensified with a LaVision
IRO X module (gate time 100 ns, Gain 60%), equipped with a UV
camera lens (f/2.8, focal length 85 mm). A narrowband filter with 80%
transmission was placed in front of the intensifier, to capture the signal
at 308 nm. For each operating condition, 500 single-shot PLIF images
were collected at a frequency of 10 Hz. The images were corrected for
variations in laser sheet intensity using the flat field function in Davis.
The laser sheet within the combustion chamber was mapped by filling
the chamber with acetone vapor. The scaling factor of the acquired
images results in 0.11 mm/pixel.
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Support Structure

Fig. 1. Schematic TU Delft swirl burner with a detailed view of the injector and the location of the measurement techniques.

Gas analyser

Emission measurements were acquired with an ABB AO2000 gas
analyser, equipped with the modules Limas21 HW (NO and NO, -
accuracy 0.1 ppm), Uras26 (CH, - accuracy 0.1 vol%, CO - accuracy
1 ppm, CO, - accuracy 0.1 vol%), and Magnos28 (O,- accuracy 0.1
vol%). The exhaust gas was sampled in the center of the outlet plane
of the combustion chamber. A recalibration of the gas analyser with
designated calibration gases was performed before each measurement
day, in order to reduce uncertainties due to zero drift and sensitivity
drift. For all three modules, the linear deviation is < 2% of the span and
the repeatability < 1%. The emission values were averaged over a time
span of at least 30 s, once stationary conditions for the set point were
reached. The averaged values were normalized by a volumetric fraction
of 15% O, in the flue gases. CO and CH, values were measured below
4 ppm and 15 ppm, respectively, which are the detection limits of the
gas analyser. Due to their low values, these emission values are not
discussed and it is assumed that complete combustion took place. NO,
for all points was below 2 ppm. In some cases, the values of NO, are not
representative, because the dew temperature increased with increasing
concentrations of water vapor in the products. For high H,-content
fuels, this temperature exceeded the product temperature in the gas
analyser (80 °C). This most likely led the water to condensate, creating
significant uncertainties due to NO, dissolving in water. Additionally,
NO, is well known to react with liquid water to form nitric acid and
nitrous acid [39]. NO on the other hand remains largely inert and has
a limited solubility in water. Given that, for 100% CH, the NO, value
is an order of magnitude lower than NO, it is assumed that NO is the
primary contributor to NO, emissions. Consequently, it was decided to
compare combustion performance by focusing on NO emissions.

3. Results

The results chapter first explores the operational range of the pro-
posed lean partially premixed set-up, focusing on the flashback and
blowout limits across various equivalence ratios ¢ and H, contents at
different levels of AAI Following this, flow fields obtained by PIV are
discussed, highlighting the effects of H, enrichment on the average flow
fields within the combustion chamber. Next, OH* chemiluminescence
and PLIF images illustrate the different flame stabilization mechanisms
and the location of the flame in the flow field. Finally, the combus-
tor performance is evaluated under different operating conditions by
analyzing the measured NO emissions.
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3.1. Operational range

In this section, the operational range of the combustor is discussed.
Only lean conditions have been tested, as this is the intended oper-
ational regime for this set-up. Additionally, the low bulk velocities in
the mixing tube (approximately 10 m/s) would not allow the operation
of the setup with high H, content fuels near stoichiometric conditions.
Fig. 2 presents the stability map of Sw = 1.1 at a constant air flow rate
of m,;, = 5.1 -10~3 kg/s, examining the cases with y = 0% and y =
20%. The stability map indicates the stable region, the lean blowoff
limits (LBO), and the flashback limits (FB). The stability analysis in
this paper focuses on static stability, thus excluding consideration of
thermoacoustic instabilities in the analysis. Therefore, even if a flame
is classified as statically stable, it could still manifest thermoacoustic
instabilities. Static stable flames stabilize downstream of the mixing
tube exit. Flashback is typically defined as the uncontrolled upstream
propagation of the flamefront, caused by an imbalance of local burning
velocity and local flow speed [40]. In the current set-up, the short
distance from the fuel injection location to the combustion chamber
prevents flames from traveling far upstream. Therefore, in this study,
flames exhibiting flashback are identified by the presence of an up-
stream flame front within the mixing tube. The flame burning in the
mixing tube is undesired, as it can impose high thermal loads on the
combustor components, potentially leading to material failure.

The images above the stability map display the average natural
emissions of the flame, captured with a Nikon 7500 DSLR camera
fitted with an AF-S DX NIKKOR 18-140 mm telephoto lens. Each image
represents an average of 30 snapshots. An example of a stable flame at
x = 0% is marked with a x. An example of a flame in flashback mode
can be seen marked with the red triangle 4 for the y = 0% case.

For y = 0%, only a narrow operational range of stable combustion
can be identified. It is observed that increasing the H, content reduces
the critical ¢ for the lean blowout limit. This decrease results from the
increase in reaction rate, the increase in diffusivity and burning velocity
for Hy-enriched flames. This can be seen as an advantage, as a lower
lean blowout allows the combustor to be operated at leaner conditions,
thus lowering the formation of thermal NO,. However, due to a higher
flame speed, it also decreases the equivalence ratio for the flashback
limits, as shown in Fig. 2. Flames above XH, = 0.8 cannot be stabilized
without AAI even at very lean conditions(¢ = 0.38). When the overall
equivalence ratio is increased to ¢ = 0.65, flames can only be stabilized
up to XH, = 0.4.
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Fig. 2. Stability map for Sw = 1.1 at a constant air mass flow rate with average images of natural emissions of example static stable and unstable flames.
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Fig. 3. Effect of H, enrichment on the flame shape for at P = 12 kW, Sw = 1.1, AAI = 20%. Natural emission in the visible spectrum.

The introduction of AAI, instead, allows full operational range from
100% CH,4 to 100% H, (Fig. 2). When a high level of AAI is introduced
(x = 20%), flashback does not occur within the investigated range of
XH, and ¢. For the case with XH, = 0.4 (%), the flame is significantly
lifted off the injector. With at least y = 20%, flames can even be
stabilized reliably up to XH, = 1 across the entire range of investigated
¢. Lower levels of AAI have resulted in flashback when ¢ reached a
critical value.

Fig. 3 illustrates the average images of the natural emissions of
the flame at y = 20% with varying H, content. As the H, content in
the fuel increases, the flame becomes compact and is located closer to
the injector, due to the higher flame speed and reactivity of H,-rich
fuels. Noticeably the reddish color resulting from H,0* Chemilumi-
nescence [41] is more intense with increased H, content, due to the
greater amount of water vapor in the products. The color of the
reaction zone transitions from blue, for fuels with high CH, content
(CH* Chemiluminescence) to gray for 100% H, (presumably a result
of H,05* Chemiluminescence [42]).

For the lower geometric swirl number of Sw = 0.7, less AAI is
required to stabilize the flame at high H, contents. This is expected, as
the swirl induces a radial pressure gradient that balances the centrifugal
force. As a consequence, a higher swirl number also introduces a higher
adverse axial pressure gradient, resulting in an upstream location of
the stagnation point. This can be seen in Fig. 4, which shows the flame
shapes for Sw = 0.7 and Sw = 1.1 for y = 10% at different XH,. The
medium level of AAI (y = 10%) was chosen for comparison, because
for Sw = 0.7, y = 20% the flame is lifted far off the injector, causing
the flame to become unstable. Such high levels of AAI are expected to
suppress the IRZ, by reducing the swirl number below the critical value
for vortex breakdown of Sw = 0.6 [43].

For the same level of AAIL the lift-off height is increased for the
lower swirl number. For the lower swirl number, the burner can be
operated across the entire range of H,-contents, while for the higher
swirl number, the flame is experiencing flashback above XH, = 0.6.
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Notably, at the lower swirl number, the flame is attached to the outer
radius of the mixing tube, suggesting stabilization of the flame in the
boundary layer of the mixing tube. Conversely, at the higher swirl
number, the flame stabilizes more towards the center of the swirling
flow.

3.1.1. Flow field analysis

In Fig. 5 the average streamwise velocity plots are shown for Sw
= 1.1 at various H, contents at the design conditions presented in
Table 1. Sw = 0.7 has a similar behavior at lower levels of AAI (not
shown here). The scale of the colored background indicates the normal-
ized streamwise velocity, which is superimposed with the streamlines
calculated from the x- and y-component of the velocity. In a swirl-
stabilized burner with a high swirl number (Sw > 0.6), the flow field
is usually characterized by an inner recirculation zone (IRZ), which
forms as a consequence of vortex breakdown. The IRZ serves as an
aerodynamic flame holder, allowing flames to stabilize away from the
solid components of the combustor.

The figure illustrates a notable alteration in flow field shape with
increasing H, content. The case with XH, = 0 (Case A) exhibits a flow
field featuring an IRZ, which can be seen as the area of negative axial
velocities in Fig. 5. This feature fully disappears for the case with XH,
=1 (Case F). For the cases with CH,4/H, mixtures, the strength of the
IRZ diminishes with increasing H, content. The drastic change in flow
field structure from case E to case F is a consequence of expressing the
fuel composition in volume fraction. Case E (XH, = 0.8) corresponds
to a mass fraction of YH, = 0.33, leaving a big gap between case E and
the pure H, case (Case F).

Additionally, the flow fields illustrate that increasing H, content in
the fuel increases the maximum axial velocity magnitude. In case A,
the maximum axial velocity is around 1.3 Uyp_cpy, While it exceeds 2
Upmr—pp for case F. This indicates a stronger thermal expansion due to
heat release for case F, which correlates with the decrease in size and
strength of the IRZ as the H, content increases.
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Fig. 5. Average streamwise velocity fields in reacting conditions superimposed with streamlines, obtained from PIV at with Sw = 1.1, P = 12 kW for different XH, at y = 20%.

Increasing the H, content can be seen to induce a strong axial
feature to the flow emerging from the mixing tube, as seen in Fig. 5
from the streamlines (—0.5 < x/D < 0.5). Specifically, cases E and F
show a strong axial jet-like structure at the mixing tube outlet that
suppresses the IRZ seen prominently in the other cases.

When changing the fuel from CH, to H,, multiple aspects influence
the flow field. Firstly, the momentum flux ratio J between the fuel
and the swirling flow changes. Due to the radial fuel injection, it is
expected that an increase in momentum flux ratio (J) decreases the
effective swirl number. Additionally, the thermal expansion ratio has
been shown to decrease the swirl number, due to a greater acceleration
of the flow in the axial direction [44]. A similar behavior also has
been observed in the work of Shoji et al. [45], where increasing the

432

equivalence ratio ¢ of a low-swirl H, flame resulted in the formation
of widespread high-velocity regions. This is attributed to an increased
thermal expansion ratio due to an increase in ¢ and due to a reduced
lift-off height of the flame, which causes an intense thermal expansion
of the gas very close to the injector. Table 1 summarizes the ratios for
J and the thermal expansion ratios calculated for perfectly premixed
conditions for the operating conditions at P = 12 kW. As described
previously, J has its maximum value at XH, = 0.8. The thermal expan-
sion ratio decreases for increasing H, content. However, it is expected
that due to the short mixing tube and the low J [35], the location of
the flame front determines significantly the equivalence ratio at which
the reaction takes place. A flame front positioned upstream, or even an
attached flame front to the rim (as it is for case F), is expected to burn
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Fig. 6. Instantaneous OH-PLIF images of flame types observed in this study with Sw = 1.1 at P = 12 kW, V-Flame: XH, = 0, y = 0% | M-Flame: XH, = 0.4, y = 10% | M/II-Flame:

XH, = 0.4, y =20% | [1-Flame: XH, = 0.8, y = 20%.

in a much richer condition than the nominal equivalence ratio. For a
lifted flame, like case A, there is more time for fuel and oxidizer to mix,
consequently, the flame will burn at an equivalence ratio closer to the
nominal one. Additionally, the location in the flow field determines the
magnitude of the local flow speed at the flame front. A flame located
close to the mixing tube outlet will consequently accelerate the flow to
higher axial velocities downstream of the flame compared to a lifted
flame. The flow field for case F resembles that of the low-swirl flame
discussed in [45]. This similarity suggests that the increased thermal
expansion in case F reduces the swirl number to a level typical of a
low-swirl flame, resulting in the absence of an IRZ.

3.2. Flame stabilization

Flame types

Fig. 6 shows the instantaneous OH-PLIF images of the different
flame shapes observed in the experiment. The flame shapes are identi-
fied through single-shot OH-PLIF images, providing clear insights into
the mechanisms responsible for flame stabilization. OH* Chemilumines-
cence images offer a less detailed, line-of-sight averaged perspective,
making it more difficult to distinguish specific flame features. The V-
flame shape (XH, = 0, y = 0%) is similar to the ones in literature.
For a V-flame shape, the flame is stabilized in the inner shear layer
(ISL) and the flame trailing edge tip is pointing towards the exit of the
combustion chamber [46]. Additionally, the flame is attached to the
rim in the ISL. For an M-flame (XH, = 0.4, y = 10%), the flame trailing-
edge tip protrudes in the outer shear layer (OSL), pointing towards
the combustion chamber dump plane. When the fuel contains a high
amount of H, or when the mixing is reduced due to an increased
accumulation of fuel close to the periphery of the mixing tube, the
flame can stabilize in the OSL, due to lower chemical time scales z,,,-
The flames in the OSL are strongly affected by heat losses, which
quenches the reactions for low H, contents or lean conditions. In
contrast to the definition in literature, the flame in the outer shear layer
is not attached to the injector, presumably due to heat losses to the steel
baseplate [47]. Nevertheless, the flame will be classified as M-flame, as
it is attached to the injector in the ISL, and is clearly protruding into
the outer shear layer. For a II-Flame (XH, = 0.8, y = 20%), the flame
front on the center is pushed downstream, while the flame is attached
to the outer rim. This type of flame has been observed and described in
Liu et al. [22]. In comparison to their work, however, for the I1-flame
presented here no reaction takes place on the center-line of the swirling
flow. Both, high axial velocities due to AAI and lean quenching due
to imperfect mixing on the centerline partly contribute to this effect.
This will be discussed later in this section. Since the flame is attached
to the outer rim of the injector, the risk of boundary layer flashback
is significantly higher compared to an M-flame. A flame, where the
flame front on the centerline is pushed downstream, but the flame is
not attached to the outer radius will be called M/IT Flame (XH, = 0.4,
7 =20%).
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Effect of axial air injection

The flame structure is initially investigated for a fixed H, content to
analyze the effect of AAIL Images were taken in the emissions band 4
= 320 nm + 25 nm, centered at the OH* Chemiluminescence signal
to study the reaction zone. The Abel deconvoluted images can be
considered as a good indication of the location of a heat release zone
in the axial plane of the burner, and are therefore used to determine
the location of the flame in the flow field [38].

Fig. 7 shows the Abel deconvoluted OH* images with superimposed
streamlines obtained from PIV measurements for different levels of AAI
at XH, = 0.4. The flame in Fig. 7 represents a V-flame shape for y
= 0%. Throughout the investigated range, for y = 0%, only V-flames
occurred. The stagnation point being inside the mixing tube and the
low velocities on the centerline of the swirling flow allowed the flame
burn attached to the injector, even in the case with no H,. For the
intermediate level of AAI (y = 10%), the flame burns in the ISL but
develops small branches in the OSL. The flame classification presented
in the previous section shows that this is an M-flame. This outcome
is anticipated due to reduced mixing, causing increased accumulation
of fuel close to the periphery of the mixing tube, thereby facilitating
stabilization of the flame in the OSL. For y =20%, the flame is lifted
off the injector and partially burns in the inner shear and outer shear
layer (OSL), transitioning to an M/II-flame.

As it has been thoroughly discussed in [13], increasing the level of
AAT shifts the location of vortex breakdown further downstream and
reduces the negative axial velocity on the centerline. For y = 20% in
Fig. 7, the flow field even exhibits a region of positive axial velocity
around the injector outlet section between —0.5 < x/D < 0.5. The
significant change in the flow field between y = 10% to y = 20% can
be explained by the non-linear effect of AAI on the swirl number. For
lower levels of AAJ, the effect on the swirl number for increasing AAI is
smaller than for high levels of AAIL as confirmed in [48]. Additionally,
it can be seen that the flame up to y = 10% is burning on the centerline,
while for y = 20% no reaction takes place on the centerline, despite
low velocities being present. It is anticipated, that the introduction of
a high-momentum jet (compared to the momentum of the fuel) on
the centerline will result in a decrease of the mixing quality [14].
This indicates that the flame is extinguished on the centerline, as a
consequence of a decrease in mixing quality with an increasing level
of AAI Additionally, flames with an increasing level of AAI burn more
in the OSL, supporting the assumption of a fuel-richer area close to the
periphery of the mixing tube, as AAI levels increase.

Effect of Hy-content

Fig. 8 shows the Abel deconvoluted images for different H, contents.
Due to the high level of AAI (y = 20%) the flames are lifted off the
injector for almost all the cases, except for 100% H, (Case F). When
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Fig. 7. Abel deconvoluted OH* images for Sw = 1.1 at for case C at P = 12 kW for XH, = 0.4 with different levels of y, superimposed with streamlines.
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Fig. 8. Abel deconvoluted OH* images for Sw = 1.1 at P = 12 kW for different XH, with y = 20%, superimposed with streamlines.

no H, is present in the fuel (Case A), the flame stabilizes at a location
of y/D = 1 and stretches until y/D = 3. Since it is burning in the inner
and the outer shear layer, the flame is classified as a lifted M-flame. As
it has been discussed before, the flame is not burning on the centerline,
close to the stagnation point. Since a low-velocity region is present, this
suggests that the flow features a core with the mixture below the lean
flammability limit.

When enriching the fuel with a small amount of H,, the flame
trailing edge in the outer shear layer moves closer to the combustor
dump plane, while the tip in the inner shear layer moves further away.
When the H, content is increased even more up to 80%, both the inner
tip and the outer tip of the flame move closer to the combustor dump,
while still featuring the shape of an M-flame. For 100% H,, (Case F), the
flame is a I1-flame attached to the outer rim of the injector. Flame F is
similar to the low swirl flame observed in the work of Cheng et al. [49],
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which together with the flow field shown in Fig. 5 suggests that the
swirl number is significantly decreased compared to the low H, cases.

3.3. NO emission analysis

Fig. 9 shows the NO emissions under various operating conditions
for the two different swirl numbers. The average NO values, including
the standard deviation, are plotted against the adiabatic flame temper-
ature of the perfectly premixed case. The measurements are presented
for increasing power levels, keeping the air flow rate constant, which
increases the equivalence ratio ¢. This results in increased NO emis-
sions due to increased NO formation via the thermal pathway. As flame
shapes are strongly influenced by the levels of AAI and XH,, no relation
between the flame shape and emissions can be established.
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Fig. 9. Average NO emissions and standard deviations for Sw = 0.7 and Sw = 1.1 at different levels of AAI, P and XH,.

Increasing H, content generally leads to increased NO emissions,
contradictory to what is expected from calculated adiabatic flame
temperatures for the premixed case. The mixing process in jet-in cross-
flow configuration is complex, influenced by factors such as the density
ratio of fuel-air and the momentum flux ratio J. Increasing H, content
results in an increasing density ratio of the fuel to the swirling flow and
a slight increase in J (see Table 1). This is expected to enhance mixing
with the swirling flow [35], which would result in a further decrease
in NO emissions for increasing H,-content.

The trend of increasing NO emissions for increasing H, content is
particularly evident in the Sw = 0.7, y = 20% case. Two plausible
explanations which combined can explain this trend are proposed.
Due to the partially premixed operational mode, flames attached to
the injector (Case F) have less time available for mixing. As a result,
the local fuel-air mixture is expected to be richer than the nominal
equivalence ratio ¢ shown in Table 1. This leads to locally high flame
temperatures, and consequently an increased formation of thermal NO.
In contrast, flames lifted further from the injector (Case A) benefit from
an additional length of y/D = 1 downstream of the mixing tube exit,
where mixing can take place. This allows for a more uniform flame
temperature and a fuel-air mixture closer to the nominal ¢, thereby
limiting the formation of thermal NO. This means that due to the sub-
stantial increase in flame speed, the change in flame position appears
to have a greater influence on the NO emissions than the improvement
in mixing quality for increasing XH,. Additionally, as observed in
other studies [26,27], a weakened IRZ for increasing H, contents can
increase the actual flame temperature. This happens due to less or no
recirculation of colder products into the reaction zone. Consequently
more thermal NO can form. This can outweigh the effect of a lower
residence time in the reaction zone for increasing H, contents [26].

Overall, for the same level of AAIL the higher swirl number results in
lower NO values compared to the lower swirl number (Fig. 9 top row),
a trend observed in other studies as well [50]. Higher swirl numbers
facilitate better mixing, thereby reducing the locally rich zones. When
comparing the plot with Sw = 1.1, y = 20% with the one of Sw =
0.7, y = 10%, it can be observed that for the high H, content cases
(Case E and Case F), the higher swirl number performs slightly better.
Since the location of the flame is similar for all flames for cases E
and F (see Figs. 3 and 4) it is assumed that the high swirl number
with a higher level of AAI still ensures a better mixing of fuel and air.
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Further investigation on the velocity field in the mixing tube is ongoing,
which will allow to assess the effect of AAI on the effective swirl
number for different cases. For lower H, content fuels, the change in
swirl number does not show any significant difference in NO emissions,
supporting the assumption that a considerable degree of mixing still
takes place within the combustion chamber. Since low H, content
flames are lifted off the injector, (see Fig. 4), the equivalence ratio at
which the reaction takes place is less affected by the flow field and the
level of unmixedness in the mixing tube.

4. Conclusions

This paper explores the fuel flexibility (CH4/H,) of a laboratory-
scale swirl stabilized combustor. The concept of axial air injection (AAI)
is utilized to stabilize flames with high H, content. Various optical
diagnostic techniques and emission gas analyses were employed to in-
vestigate the flow field, flame stabilization, and emission performance.
The operational ranges of the combustor were examined for different
equivalence ratios (¢) and H, fractions (XH,) at two different swirl
numbers. AAI significantly increases both the lean blowout limit and
the flashback limit. As expected, the low swirl number results in flames
that stabilize further downstream in the combustion chamber compared
to the high swirl number, thus requiring less AAI to prevent flashback.
High levels of AAI (20% for Sw = 1.1) are necessary to stabilize 100%
H, flames. A small operational window is identified, covering the full
range from 100% of CH, to 100% of H,.

The flow field analysis revealed significant changes in the overall
flow field structure when changing the fuel from CH, to H, at y =
20%. While CH, flames exhibit an inner recirculation zone (IRZ), which
anchors the flame, the IRZ is completely suppressed for the H, flame.

In terms of flame stabilization, introducing a high level of AAI
changes the flame from a V-flame to a M/I1-flame, which leads to flame
extinction on the centerline. This behavior was observed for all H,
contents investigated. The low momentum flux ratio between the fuel
jet and the air jet forces the fuel to remain near the periphery of the
mixing tube. Additionally, the introduction of AAI further impairs mix-
ing, leading to a mixture in the core of swirling flow below flammability
limit.

Additionally, switching from CH, to H, results in greater NO emis-
sions, despite lower theoretical adiabatic flame temperatures for per-
fectly premixed configurations. This is to be expected due to the
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CH, flame anchoring further downstream in the combustion chamber,
allowing more time for fuel and air to mix. Consequently, combustion
for high H, flames takes place at higher equivalence ratios. The main
findings of this study summarized are:

+ AAI allows stabilizing flames throughout the full range of 100%
CH, to 100% H,.

Despite allowing for fuel-flexibility, the current configuration
does not achieve good mixing. This results in higher NO emissions
when compared to a perfectly premixed system, but also in a high
risk of boundary layer flashback, since fuel is located close to the
periphery of the mixing tube.

Changing the fuel from 100% CH, to 100% H, significantly alters
the flow field structure. For 100% H,, the inner recirculation zone
is not established in the current configuration.

It is concluded, that AAI can be a suitable approach for fuel-flexible
combustion chambers. However, future investigations need to focus on
the fuel injection method, to guarantee a better mixing of fuel and air
and to stabilize the flame away from the boundary layer of the mixing
tube.
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