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HIGHLIGHTS

o A novel multi-pass heat exchanger cracker was developed for in-situ cracking.

e In-house electroplated mesh matched commercial catalyst performance-cost-effective.
e Detailed catalysts characterization and emission-flame topology analysis conducted.
e The concept supports ‘X-to-Power’ applications, advancing the NH3-H, agenda.
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This study investigates the in-situ thermo-catalytic cracking of ammonia (NHs) and the combustion character-
istics of the resulting cracked flame. A swirl-stabilized burner equipped with a novel multi-pass heat exchanger
and a catalytic tube was employed to analyse NHs cracking and combustion. Five catalysts were evaluated,

Z}]ﬁ:(;ieiz including three developed in-house-ruthenium (Ru) and cobalt (Co) electroplated on stainless steel wire mesh,
X-to-power and Ru nanoparticles loaded onto sodium zeolite along with two commercially available alumina-based Ni and

Ru pellets. The performance of thermal cracking is then compared to thermo-catalytic cracking. The cracking
efficiency decreased inversely with NHs flow rate, from 70 % to 17 % at 773-813 K and 100 % to 60 % at
893-932 K, with Ru-based catalysts outperforming thermal cracking by 20 % at 35 SLPM of NH3. At 773-813 K,
both electroplated Ru and Ru—Co stainless steel mesh configurations performed similarly, indicating that
catalyst contact time can be further optimised. The stability and emissions of the cracked flames were assessed at
air flow rates of 100-200 SLPM. The cracking efficiencies of 54-58 %, 61-62 %, and 58-65 % were observed at
798-825 K, 836-857 K, and 878-901 K for cracker flow rates of 15, 20, and 25 SLPM respectively. Emissions
analysis revealed increasing N»O levels with higher air flow and NO peaks at an equivalence ratio between 0.74
and 0.83. Flame instabilities under lean conditions led to NHs slip. These findings highlight the need for catalyst
optimisation to enhance NHs cracking efficiency, improve flame stability, and reduce emissions, advancing
sustainable combustion technologies.

Cracking efficiency
Heat exchanger

1. Introduction analysis of NHs highlights its potential as a viable fuel for the power

generation and transportation sectors, citing reduced transportation and

The global initiative to transition from fossil fuels to carbon-free or
low-carbon alternatives has garnered significant attention from re-
searchers, alongside the advancements made in combustion technolo-
gies [1,2]. Ammonia (NH3) is recognised for its potential as a clean
energy source due to its characteristics as a carbon-free fuel and an
effective hydrogen (Hg) carrier [3,4]. The recent techno-economic
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storage costs, a well-established infrastructure, and enhanced safety
measures [5-8]. Nonetheless, employing NH;3 presents certain chal-
lenges, including its slow combustion rate, high autoignition tempera-
ture, and the potential for NOy emissions under conventional operating
conditions [9,10]. To address these challenges, various combustion
enhancement techniques such as cofiring with highly reactive fuels
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Fig. 1. Schematic of the experimental setup.

[11,12], staged combustion [13,14], pre-cracking [15], stratification
[16], plasma assisted combustion [17] are generally employed. Among
them, cofiring NH3 with methane [18,19] and Hy [20] are widely
adopted strategy as it requires minimal modification to the combustion
chamber. The idea of on-site NHj3 cracking is attractive as it removes the
necessity for transporting and storing Hy [21,22]. Compared to co-firing
H,, directly utilizing partially cracked NHjs eliminates the need to
separate Hy from the resulting Hy-nitrogen mixture. This separation
process is both economically inefficient and technically challenging due
to the similar molecular sizes and quadrupole moments of Hy and Nj, as
well as the relatively low Knudsen selectivity between the two gases
[23]. However, a major drawback of this approach is the potential in-
crease in NOx emissions as compared to other strategies. Nevertheless,
this issue can be effectively mitigated through de-NOx after-treatment
methods. Additionally, Davies et al. [24] recently demonstrated that a
20 % cracked NH3 blend significantly reduced NO, NO,, and N2O
emissions at the expense of NH3 under rich conditions as compared to
the more commonly studied 70/30 (vol%) NHs-Hy blend. Although
numerous studies [24-26] have examined simulated NH3/H; and NH3/
Hy/Nj mixtures, there has been a lack of thorough investigation into the
practical implementation of in-situ NHsz cracking within mGT
applications.

Nickel (Ni), Cobalt (Co), Iron (Fe), and Ruthenium (Ru) based cat-
alysts have been commonly studied for NH3 cracking, with Ru-based
catalysts showing promising Hy conversion rates [27]. A Ni5Cos/SiO;
catalyst, with a Ni/Co molar ratio of 5:5, demonstrated an impressive
NHj; conversion rate of 76.8 % at 550 °C with a gas volumetric flow rate
of 30,000 mL/h. Notably, even when the reaction temperature was
increased to 650 °C, satisfactory conversion rates were still achieved
[28]. The performance of ruthenium-based catalysts has been enhanced
through the incorporation of secondary metals and the use of diverse
supports. Fe-supported Ru cluster catalysts on porous and graphitic
carbon demonstrated an impressive 97.5 % conversion of NH3 [29]. The
results demonstrated that the Ru/Fe catalyst is exceptionally efficient in

generating carbon-free Hy from NHs. The literature suggests several
avenues for future research, particularly focusing on the creation of cost-
effective, high-efficiency catalysts and advancements in reactor design
[30]. Edison et al. [31] successfully loaded ruthenium nanoparticles
onto stainless steel mesh using deep eutectic solvents for the Hy evolu-
tion reaction. Previous research has looked into the methods for
applying catalytic converter coatings to stainless steel wire mesh for use
in industrial applications [32]. Zeolite, a naturally occurring alumino-
silicate mineral, was also studied as support for Ru catalysts used in Hy
production [33,34]. The current study compares the Hy conversion
percentages of Ru and Ru/Co electroplated stainless steel wire mesh, as
well as Ru nanoparticles supported by zeolite, to commercially available
alumina-supported Ni and Ru catalysts.

To date, existing literature has predominantly focused on the com-
bustion characteristics of simulated cracked NH3 flames. However, there
remains a notable absence of studies on combustion characteristics of
real cracked NH;3 flame, which holds greater practical relevance of the
present study. This study aims to bridge this gap between simulated and
real cracked NHj; flames, thereby providing essential data for advancing
the practical deployment of NHs as a combustion fuel.

In this study, a novel multi-pass heat exchanger cracker was devel-
oped for in-situ thermo-catalytic cracking. A detailed material charac-
terization of the catalysts and an in-depth emission and flame
topological analysis of the in-situ cracked flames are envisaged for a
wide range of operating conditions. The novelty of our study is high-
lighted as follows (1) The first study to demonstrate an in-situ cracked
NH; flame with exhaust gas recovery in a gas turbine model combustor.
(2) The development of an inexpensive, in-house Ru-based catalyst with
high cracking efficiency outperforming the similar commercially avail-
able catalysts. (3) The first comprehensive analysis of the combustion
characteristics of real cracked NH3 flames, serving as a pivotal reference
for future simulated studies. Furthermore, this concept can be used for
“X-to-Power” applications, supporting the NH3-H; agenda.
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2. Experimental details
2.1. Experimental setup

The experiments were carried out using a novel generic swirl burner
from Cardiff University’s Centre for Excellence in Ammonia Technolo-
gies (CEAT) [35]. Fig. 1 shows a schematic of the experimental setup.
High-precision Bronkhorst mass flow controllers were used to control
NHj3, CHy, and air flows, achieving an accuracy of +0.5 % within 15-95
% of the full scale. The NH3-CHy-air mixture was fed into the plenum
through two inlets, depending on the operating conditions. The mixture
is then circulated through the annular gap between the burner nozzle (d
= 31.5 mm) and bluff body (d = 22.5 mm) using a radial swirler with a
swirl number of 1.45. For more information on the burner’s dimensions,
see Sato et al. [12].

A novel multi-pass heat exchanger cracker was installed longitudi-
nally to the burner, 150 mm from the burner rim, to capture heat from
the hot combustion exhaust. The cracker unit comprises of two coaxial
ring structures, each designed to facilitate few sequential passes of the
NH; flow to extract maximum heat from the exhaust gas. The preheated
or partially cracked NHs is then directed into the catalytic tube, which
contains various catalysts. The cracker’s dimensional details are not
disclosed due to intellectual property concerns and therefore the heat
transfer analysis. The flame confinement system has a diameter of 160
mm and a total length of 300 mm, including the quartz tubes (GE214,
transmissivity of 85 % at UV range) on each axial side of the cracker.

A portion of the cracked NHs is drawn out by an analytical dia-
phragm pump (MP26/JH1 M&C) and sent to an Agilent 990 microGC to
measure NHs3/Hy/Ny from the cracking process in real time. The
remainder is fed to the combustion chamber via axial holes in the swirler
unit (shown in the inset of Fig. 1). A K-type thermocouple is used to
measure the temperature just before the catalytic tube. A bespoke
Emerson CT5100 quantum cascade laser gas analyser was used to
measure exhaust emissions such as NO, N,O, NO,, NH3, O,, and H,O at
1 Hz with +1 % repeatability and 0.999 linearity. To prevent NHg
condensation and ensure accurate sampling, a heated line from Winkler
was maintained at 463 K throughout the measurement process. To
ensure consistent and reliable emission analysis, especially NO2 mea-
surements, a cross-shaped probe with equidistant holes for homoge-
neous sample collection was placed 25 mm above the quartz exit to
prevent interaction between the surrounding air and the exhaust gas.
Therefore, the current NO, measurements reflect only the NO5 present
in the exhaust gas itself [36]. Measured oxygen was negligible at stoi-
chiometric conditions, demonstrating that no outside air was entrained
into the sampling probe. All measuring equipment was calibrated and
verified for accuracy before every experimental campaign began. Each
experimental case was repeated at least three times to ensure the
repeatability of the results. The error bars are plotted based on the
standard deviation similar to our previous studies [11,24]. The emission
and temperature measurements were recorded only after steady-state
conditions were reached. The emissions data were collected for 120 s
at a frequency of 1 Hz then time-averaged and normalised to a 15 %
oxygen (dry) condition, while temperature data were collected for 10
min at the same frequency for calculation of mean and standard
deviation.

The flame chemiluminescence images were captured using three
LaVision CCD cameras simultaneously at a frequency of 10 Hz. The OH*
(A%z-X21 system), NH* (A%-X3% — system) and NHy* (single peak of
the NH; a band) [37] is collected using 309 nm bandpass filter (10 nm
FWHM), 336 nm band pass filter (10 nm FWHM), and 630 nm (+10
nm) bandpass filters, which are mounted to the cameras. For each test
point, 200 frames were captured with LaVision Davis v10, time-
averaged, background-corrected, and deconvolved using the Abel
transformation in MATLAB [38]. Furthermore, the chemiluminescence
spectrum of the flame at 25 mm above the burner’s exit and 100 mm
from its central axis was recorded using a flexible AvaSpec-ULS
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Table 1
Catalysts used in the current study.

Name of Type Chemical Amount used/
the composition Configuration in the
Catalyst catalytic tube
Commercially
Ni pellets obtained from 10 % Ni/Al,03, 100 g of material.
Heraeus.
Ru Commercially
obtained from 10 % Ru/Al;03 100 g of material.
pellets
Heraeus.
Thi ted R
1'n coated 2u fm a 200 meshes (The mass
Prepared for stainless-steel wire ercentage of Ru is
Ru-mesh P mesh (The coating P . 8
current study. R negligible as coated as
contains 20 % Ru; B .
. . thin oxides).
semi-quantitative)
Thi ted on th
‘m coatec on the 200 meshes (The mass
wire mesh (the
Ru-Co- Prepared for . . percentage of Ru and
mesh current study, coating contains 4.6 Co is negligible as
' % Co and 4 % Ru; X X
. o coated as thin oxides).
semi-quantitative)
Na-zeolite, Na- i
Ru- Prepared for the a-zeolite, Fa- lon .
Zeolite current stud exchanged by Ru, and 5 g of material.
v 10 % Ru mass basis.
spectrometer.

This study covered two different types of experiments. The first
experiment compared the performance of various catalysts at varying
cracker temperatures. Initially, a 5 kW CHjy-air flame was ignited. To
achieve the desired testing temperature at the cracker outlet for different
NH3 flow rates (Vngs,crack), a blend of CH4-NH3 (main NHg) and air
were supplied. Cracked NHs was fed back into the burner. In the second
experiment, the combustion performance of the in-situ cracked flame
was investigated at different air flow rates and thermal powers. To
initiate NHs cracking, a CHy-air flame was first established to achieve
the cracker outlet temperature of at least 700 K. The CH4 flow rate was
gradually reduced to zero, and NHs was added alongside the cracked
NH; flow resulting in a stable partially cracked NHg flame.

2.2. Preparation of catalysts

Three types of Ru-based catalysts were prepared; (1) Ruthenium
coated stainless steel (Ru-mesh), (2) Ruthenium-Cobalt coated stainless
steel mesh (Ru-Co-mesh) and (3) Zeolite supported ruthenium (Ru-
zeolite). The Ru-mesh and Ru-Co-mesh were prepared by electroplating
stainless-steel wire meshes with each having a 0.25 mm opening, 0.16
mm wire diameter, and 25.4 mm mesh diameter, with each mesh
weighing approximately 0.27 g. A total of 200 coated wire mesh pieces
were arranged within a cylindrical catalytic tube, which had an outer
diameter of 28.1 mm, an inner diameter of 25.4 mm, and a length of 200
mm (see Fig. 1. No.7: Catalytic tube).

A y-sodium (Na)-zeolite (ID: CBV100) characterised by a SiO2/Al;03
molar ratio of 5.1, a surface area of 900 m?/g, and a Na mass percentage
of 10 % was utilised in the preparation of the Ru-zeolite catalyst. The Ru-
zeolite was prepared by the ion-exchange method by replacing the Na
from Zeolite by Ru ions. Five grams of Ru-zeolite were utilised within
the catalytic tube, with the powder evenly distributed at one gram per
wire filter across five filters arranged at 40 mm intervals (refer to Fig. 1.
No.7: Catalytic tube).

The surface morphology and semi-quantitative elemental analysis of
Ru-Co-mesh and Ru-Co-mesh samples were performed using a Zeiss
Sigma HD Field Emission Gun Analytical Scanning Electron Microscope
(ASEM) and Oxford Instruments energy dispersive X-ray spectrometers
(EDS), and the findings are detailed in results and discussion section.
The zeolite and Ru-zeolite samples were characterized using a JEOL
JEM-2100 scanning transmission electron microscope to verify the
presence of ruthenium on the zeolite structure. PerkinElmer infrared
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Fig. 2. SEM and EDS spectrum showing stainless steel mesh (a & b), uniform distribution of Ru on the Ru-mesh (¢ &d), and Ru-Co-mesh (e &f).
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Table 2
Semi-quantitative chemical composition analysis of the stainless-steel mesh, Ru-mesh and Ru-Co-mesh.
Element/ mass % [¢] Si S Cr Mn Fe Co Ni Cu Ru
§§ wire 0.76 0.52 0.02 11.29 13.86 71.04 0.59 1.19 0.73 0.01
mesh
11.03 0.28 0.03 8.22 8.73 50.12 0.40 0.82 0.43 19.95
Ru-mesh
15.51 0.29 0.08 20.77 1.22 48.66 4.64 4.60 0.20 4.03
Ru-Co-mesh
Ru-mesh (exposed to NH3) 5.06 0.36 0.1 12.75 10.83 50.08 - 2.21 0.11 15
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Fig. 3. FTIR images of zeolite and Ru-zeolite show no structural change.

absorption spectroscopy was used to verify the Ru-zeolite and y-sodium
zeolite structure integrity before and after loading of the Ru ions.

The aforementioned catalysts’ NH3 cracking efficiency was analysed
comparatively against commercially available alumina-supported nickel
(Heraeus 10 % Ni/Al03, 100 g), and ruthenium pellets (Heraeus 1.35 %
Ru/Al303, 100 g). Table 1 presents the catalysts utilised in the investi-
gation along with their respective characteristics.

3. Results and discussion
3.1. Performance of the cracker system

3.1.1. Morphology and semi-quantitative analysis of the Ru-mesh, Ru-Co-
mesh, and Ru-zeolite

Fig. 2 illustrates an example of surface morphology, along with the
energy dispersion spectrum (EDS) of the Ru-mesh. The chemical
composition of the stainless-steel mesh, Ru-mesh, and Ru-Co-mesh is
presented in Table 2. The SEM and EDS image presented in Fig. 2 il-
lustrates a uniform distribution of Ru across the surface of the stainless-
steel mesh, with an elemental mass percentage of 20 % as detailed in
Fig. 2 and Table 2. The measurement of the surface coating and the few
nanometer depths of the stainless-steel wire should not be utilised to
ascertain the elemental composition of the entire wire mesh. It is
essential to take into account the interference from the Fe wire and the
variations in surface coating thickness. The co-deposition of Co—Ru
resulted in a diminished mass percentage of 4 % as indicated in Table 2.
The analysis of morphology and EDS reveals a non-uniform distribution
of Co and Ru on the wire surface. Variations in electrochemical re-
actions, electrolyte behaviour, and current density can lead to non-
uniformities in electroplating processes. The mass of the wire mesh
exhibited minimal variation during the coating process in comparison to
its state prior to treatment. For example, the weight of 38 wire meshes
were about 10.4 g both prior to and following the coating process. The
SEM-EDS analysis and mass balance indicated that Ru and Co were
present as thinly coated layers, with the overall mass being considerably

Fig. 4. HAADF image (a) and iDPC image (b) showing atomic lattice of zeolite
support. HAADF image (c) and corresponding EDX map (d) showing location of
Ru signal on zeolite support. Image (e) and (f) show Ru atoms aggregated near
edge of support. (Insert: approximately 1-2 nm size Ru particles).

less than that observed in commercial catalysts. As noted earlier, each of
the alumina-based catalysts comprised 10 grammes of Ni and Ru.
Interestingly, the integrity of the metal mesh and Ru coating remained
intact throughout the entire experimental campaign. However,
elemental analysis revealed a slight reduction in surface Ru content,
with approximately 15 % present on the surface compared to 20 % in
unexposed samples. This discrepancy may be attributed to the removal
of a portion of the surface coating due to high-velocity impacts or var-
iations occurring during the electroplating process itself. Given that this
represents a qualitative assessment, the Ru-mesh is regarded as reusable.

The FTIR spectrum of zeolite and Ru-Zu showed that the zeolite
structure was intact despite the ion exchange reaction (Fig. 3). This has
been confirmed by the TEM analysis, whilst atomic lattices were visible
in pure zeolite, however expected zeolite channels were not visible
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Fig. 5. Variation of cracking efficiency with NH;3 cracking flow rates for (a) different catalysts and (b) different configurations of Ru catalyst.

(Fig. 4 (a) & (b)). This could be due to the zeolite crystals being too large
to capture this in imaging. If within large crystals, the channels may be
misaligned and difficult to capture in images and lack proper formation.
EDX mapping, as well as atomic contrast in HAADF images, confirms Ru
presence in the Ru-Z samples (Fig. 4 (c¢) & (d)). Ru was observed as
nanoparticles/clusters of atoms, instead of single atoms, and more often
zeolite appears as an amorphous support. The elemental analysis of the
separated liquid showed approximately 1000 mg/L Na presence, which
confirms that most of the Na ions from the zeolite were replaced by Ru
by ion exchange and the rest of the Ru were adsorbed as clusters of
nanoparticles. Fig. 4 (e & f). shows the Ru particles appear at the edge of
the zeolite support in 1-2 nm sizes.

3.1.2. Impact of catalyst on the cracking efficiency
The cracking efficiency (fcrack) refers to the volumetric ratio of
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cracked NHj to initial NH3 concentration [7]. The cracker system was
tested at different NH3 flow rates (Vnuscrack) at 773-813 K, and
893-932 K. Fig. 5 (a) compares pellet-based Ni (10 % Ni/Al,O3, Her-
aeus) and Ru (10 % Ru/Al,03, Heraeus) catalysts to thermal cracking at
these temperatures. The n¢racker decreases from 70 % to 17 % at 773-813
K and from 100 % to 60 % at 893-932 K as NHj3 flow rate increases. As
flow rates increase, NH3 residence time in the cracker and catalyst tube
decreases. The Ni catalyst had similar ncrack to thermal cracking, while
the Ru-based catalyst had a 20 % increase at 35 Standard Litres Per
Minute (SLPM) of NH3 at 893-923 K.

Fig. 5(b) shows Ru catalyst experiments at 773-813 K using elec-
troplated mesh, pellets, powders. Electroplated Ru and Ru—Co stainless
steel mesh configurations produced similar results as the commercial
catalysts. Since it was coated in thin layers, the coated wire mesh (Ru-
mesh) contains little Ru compared to that of commercial catalysts, as
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discussed in section 3.1. This indicates the need for more research to
extend NH3-Ru-coated wire-based catalyst interactions. It also high-
lights the implementation benefits to industry by achieving similar
performance with a less expensive catalyst system, owing to the use of
less mass of ruthenium which carries a high cost.

3.2. Combustion characteristics of in-situ cracked system

3.2.1. Static flame stability and cracking characteristics

The combustion performance of in-situ cracked flame was analysed
for three Vyus crack of 15 SLPM, 20 SLPM, and 25 SLPM, while main-
taining the main NHj flow rate in the burner at 25 SLPM. These con-
ditions correspond to NH3 chemical inputs of 9.1 kW, 10.3 kW, and 11.4

100 SLPM 120 SLPM

180 SLPM 200 SLPM
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kW, respectively. The chemical input was calculated as the product of
the total NH3 mass flow rate and its calorific value, whereas the flame
power was determined as the sum of the product of NH3 flow and its
calorific value and the product of cracked Hy flow and its calorific value.
A lower chemical input results in insufficient cracking temperature,
which is inadequate to sustain the flame due to poor nerack, as indicated
by the shaded region on the left side of Fig. 6(a) and (b). Conversely,
achieving chemical input exceeding 11.4 kW is constrained by the NH3
cylinder’s inability to supply more than 50 SLPM throughout the
experimental campaign. The results demonstrate that both chemical
input and flame power increase linearly with an increase in Vnus crack-
However, a slight increase of 1-1.4 % in flame power was observed due
to the higher calorific value of Hy in the resulted cracked mixture.

Fig. 6(b) illustrates the stability map of the burner for Vg3 crack 0f 15
SLPM, 20 SLPM, and 25 SLPM across a range of air flow rates (Vy;;). The
stability map shifts towards higher V,;; values owing to the linear in-
crease in flame power. Notably, this shift corresponds to increases of 33
% and 44 % in the lower stability limit (LSL) and upper stability limit
(USL), respectively, when the Vg3 crack = 25 SLPM as compared to the
VnNH3,crack = 15 SLPM. This shift can be attributed to the increase of
cracking ratio in the combustor with the increase in Vyus crack Where the
cracking ratio is defined as the percentage of Hy present in the total
reactant mixture within the burner.

The burner exhibits interesting instabilities onset of lean and rich
blowout conditions. As Vi increases beyond the LSL, the flame becomes
unstable, detaches from the burner rim, and transitions to wall-
stabilized flames (as shown in the inset of Fig. 6(b)). Under these con-
ditions, the cracking temperature decreases, leading to reduced pro-
duction of Hy and eventual flame blowout. On the lean side (beyond
USL), the flame transitions into a jet-like structure (depicted in the inset
of Fig. 6(b)), losing both inner and outer recirculation zones just before
lean blowout occurs. A detailed analysis of flame morphology in cracked
flame conditions is discussed in Section 3.2.2. However, a comprehen-
sive dynamic stability analysis is necessary to gain deeper insights into
these phenomena.

Furthermore, the cracking characteristic of the burner is studied in
detail. The variation of temperature at the inlet of the catalytic tube
(same as that of the outlet temperature of the cracker, Terack out)> Neracks
the estimated equivalence ratio (¢es) and the cracking ratio of the
combustion with Vy;; are shown in Fig. 7. It is noteworthy that all these
parameters are interdependent, such that even a slight change in one
parameter can significantly influence the others. It is interesting to see
that the Terack out demonstrates approximately a constant trend of 810 +
10, 850 + 10 and 888 + 10 K respectively, for 15 SLPM, 20 SLPM, and
25 SLPM, despite significant reductions in the ¢est.

The heat transfer to the cracker is strongly influenced by the

140 SLPM 160 SLPM

\ | \

220 SLPM 240 SLPM

Fig. 8. Direct visualisation of cracked NH; flame for different air flow rates at NH;3 cracking flow rate of 20 SLPM.
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Fig. 9. Abel deconvoluted NH*, OH* and NH,* chemiluminescence images of cracked NH; flame for different air flow rates at NH3 cracking flow rate of 20 SLPM.

hydrodynamic characteristics of the flame. As the equivalence ratio
decreases, the flame temperature drops; however, the convective heat
transfer coefficient increases due to the rise in the Reynolds number
[39]. This higher Reynolds number enhances turbulent mixing and im-
proves heat exchange between the hot combustion gases and the NH3
flowing through the heat exchanger. This interplay between flame
temperature and bulk flow velocity explains the constant outlet tem-
perature observed at the cracker outlet. However, a detailed numerical
modelling of heat transfer analysis on the coupled cracker-burner system
is needed to confirm these justifications. The ncrack decreased signifi-
cantly from 65 % to 57 % when the V,;; increased from 160 SLPM to 240
SLPM. This reduction can primarily be attributed to the lower flame
temperature at ¢est = 0.6 and the reduced residence time of NHg in the
cracker at a higher NH3 flow rate (Vnu3 crack = 25 SLPM).

Furthermore, Tcrackour, increases with an increase in Vw3 crack,
leading to a higher ncrack. For instance, when Terack,out rose from 816 K to
881 K, Ncrack increased from 57 % to 65 % at an airflow rate of 160 SLPM.
Although the V,;; remained constant in both cases, the equivalence ra-
tios were 0.77 and 0.9 for Vyus,crack = 15 SLPM and 25 SLPM, respec-
tively. This difference is primarily due to the increased cracking ratio of
the burner inlet flow, which rose from 21.3 % to 32.5 %.

3.2.2. Flame morphology

The time-averaged broadband image of the cracked NHs flame for
various air flow rates at Vyu3 crack = 20 SLPM is shown in Fig. 8. The
flame structures observed at 15 SLPM and 25 SLPM closely resemble that
at 20 SLPM and are therefore omitted for brevity. At 120 SLPM air, the
flame exhibits a V-shaped structure initially, then eventually detaches
and stabilises along the wall, similar to the flame shape shown for the
100 SLPM case in Fig. 8. This detachment ultimately leads to a rich
blowout of the flame. The transition in flame structure is primarily
attributed to the significant NHj slip, which lowers the cracking tem-
perature and efficiency, thereby reducing the flame speed.

The flame remains well-anchored with a V-shaped profile for the
range of Vg, from 140 SLPM to 220 SLPM which is corresponding to ¢est
= 0.95 to 0.61. However, a progressive reduction in flame luminosity is
observed, indicating a transition towards lean blowout conditions. At
240 SLPM, the vortex roll-up region largely disappears, leaving only a
portion of the flame root visible. This results in a substantial increase in
unburnt NHg, leading to a reduction in the cracking temperature and,
consequently, lean blowout. It should be noted that the colours in the
captured images may not provide an accurate representation of flame
properties, as radiative heat from the cracker positioned above the flame
top can influence direct photographic observations.

The flame chemiluminescence images of NH*,0H* and NHy* for
different air flow rates are shown in Fig. 9. As the V,;; increased, the ¢est
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Fig. 10. Spectroscopic values of cracked NHj flame for different air flow rates
at NHj cracking flow rate of 20 SLPM.

decreased from 1.1 to 0.61. The intensity of NH,* increases as the flame
moves towards the rich side. Notably, the maximum intensity of NHy* is
observed at an s of 0.95, which is 1.4 times higher than at 0.61. The
increased intensity of NHy* suggests a higher NH3 content in the flame.
Furthermore, the NHy* emission broadens near the flame root, eventu-
ally leading to flame blowout due to the absence of OH, H, or O radicals
necessary for further oxidation of NHs on the rich side.

In contrast, OH* and NH* exhibit similar trends, with their
maximum intensities occurring at equivalence ratios of 0.74 and 0.83,
respectively, and decreasing on either side of the equivalence ratio. The
peak intensity of OH* also indicates the presence of high-temperature
regions, while the abundance of OH* facilitates the oxidation of NH;
to NH, with the NH peak occurring at an equivalence ratio of 0.74. This
shift is primarily due to the interplay between NH; and OH formation
reactions.

This trend is further confirmed by the chemiluminescence spectrum
in the wavelength range of 200 to 700 nm, as shown in Fig. 10. Measured
intensities of OH* and NH* were found to be significantly lower than
NH,* across all conditions studied. A similar trend has been observed by
previous researchers [11,38,40].

3.3. Global emission characteristics

The sampled volume fractions of NO, NOy, N2O, and NHs in the
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Fig. 11. Variation of (a) NO, (b) NO,, (c) N2O and (d) NH3 with estimated
equivalence ratio at NHj3 cracking flow rates of 15 SLPM, 20 SLPM and
25 SLPM.

combustion exhaust gas were analysed for different NHg cracker flow
rates (Vnus,crack = 15 SLPM, 20 SLPM, and 25 SLPM). Although the
experiment does not precisely control the equivalence ratio due to the
combined effects of burner performance and the cracker system, the
overall trend in the emission profiles can be approximated from Fig. 11.
It is evident that the exhaust gas species follow a similar trend regardless
of VNH3,crack, With a slight shift towards leaner conditions as Vnu3,crack
increases. This shift is primarily attributed to the synergistic effects of
heat loss, the burner’s cracking ratio, and thermal power.

The NO is expected to peak at a ¢es; of 0.77-0.83, 0.74-0.83, and
0.71-0.8 for the 15 SLPM, 20 SLPM, and 25 SLPM cases, respectively.
Additionally, NO production is 47 % and 77 % higher for the 20 SLPM
and 25 SLPM flow rates compared to the 15 SLPM case. This increase is
attributed to the increase the production of radicals such as H, OH, NH,
and O, which significantly enhance NO formation through interactions
in the HNO pathway as the Vs crack increases.

It can be inferred that lower combustion efficiency contributes to
lower NO emissions under fuel-lean conditions, as NO production is
directly linked to NH3 consumption. The combustion efficiency is
defined as the ratio of the chemical energy released by the combustion of
NH;3 and Hj to the total chemical energy available in the fuel mixture
[41]. Additionally, there may be lower NO production via HNO routes
(e.g. OH + NH — HNO + H) due to lower flame temperatures at lean
conditions. Following on from the reduced NHy* intensity at lean con-
ditions shown in Fig. 9, consumption of NO by NH;, via the reaction NHy
+ NO — N3 + Hp0 may have been lower at ¢est = 0.74-0.83. These two
factors could also explain the increase in NO emission with higher
cracker flowrates — higher flame temperatures from the extra dissociated
Hy would increase NO production and reduced NH; and NH concen-
trations would consume less NO. The wall heat loss may also limit the
formation of O/H radicals near the wall due to the temperature-sensitive
nature of the major chain-branching reaction, H + Oy — OH + O. The
trend of NO; emissions mirrors that of NO, with enhanced NO oxidation
under lean conditions.
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Fig. 12. Variation of absolute ROP of NO at the flame zone with different
estimated equivalence ratios at NH3 cracking flow rates of 20 SLPM.

A sharp increase in N3O is observed at ¢es; values of 0.88, 0.83, and
0.71 for 15 SLPM, 20 SLPM, and 25 SLPM, respectively. This is attrib-
uted to the enhanced NH concentration, which accelerates N,O pro-
duction by consuming NO [42]. Additionally, at 15 SLPM, more heat is
lost to the cracker, resulting in a relatively cooler combustion environ-
ment that slows down the N>O consumption reactions, which are tem-
perature dependent. The unburned NHs follows a similar trend to that of
N20.

Furthermore, a chemical reaction network (CRN) developed in the
author’s previous studies [11,35,36,42] has been employed to analyse
the flame chemistry driving NO formation under various operating
conditions utilizing the reaction mechanism proposed by Stagni et al.
[43] for NHs-H-air mixtures, which incorporates 31 chemical species
and 203 reactions. The rate of production (ROP) of NO within the flame
zone was analysed for different global equivalence ratios at a cracking
flow rate of 20 SLPM, as illustrated in Fig. 12. To facilitate meaningful
comparisons, the ROP values were normalised to their respective
maximum values for each operating condition.

The two most significant reactions contributing to NO formation
were identified as N + OH — NO + H and HNO + H — NO + Ha for ¢t of
0.83, 0.74, and 0.67. These reactions are particularly prominent due to
the high concentrations of OH* and NH*, which play a crucial role in
promoting NO production. The presence of OH* facilitates the N + OH
reaction pathway, while NH* enhances the formation of HNO, leading to
the subsequent reaction with H. In contrast, for higher equivalence ra-
tios, such as ¢est = 0.95, the dominant pathways of NO consumption
reactions are N + NO — Nz + O and NH + NO — N20 + H, which become
significant due to the increased availability of NHz*. The presence of
NH: promotes the NH + NO reaction, leading to the formation of N0,
thereby reducing the overall NO concentration. This is particularly
effective for ¢est = 0.95 as the higher flame temperatures at near-
stoichiometric conditions facilitate the decomposition of this N»O into
molecular nitrogen via the reaction NyO + H — N3 + OH.

Furthermore, the reaction pathway of NHs combustion, as illustrated
in Fig. 13, begins with NHs and terminates with NO. In this analysis, the
maximum number of species displayed is limited to 10, with a minimum
relative cutoff fraction of 5 %. A comparative study was conducted at
dest = 0.95 and 0.74 to investigate differences in reaction behaviour.
Overall, the global reaction pathway remains largely unchanged be-
tween the two conditions. The NHsundergoes stepwise oxidation by OH
radicals, forming key intermediate species such as NHz, NH, HNO, and
NO. The primary formation route of NO involves the reactions HNO — H
+ NO and HNO + H — NO + Hjy, which together contribute approxi-
mately 40 % to the total NO production. At ¢est = 0.95, the reaction NH
+ NHy — NyHy+ H accounts for about 16 % of NH consumption. This is
closely related to the higher NHs concentration under this condition
compared to that at an equivalence ratio of 0.74. Meanwhile, increased
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Fig. 13. The main reaction scheme in flame zones at ¢s; = 0.95 and 0.74 with NH; cracking flow rates of 20 SLPM.

concentrations of NH, and NH radicals enhance the consumption of NO
through reactions leading to the formation of NNH, N9, and N3O.

4. Conclusion

This study has successfully demonstrated the feasibility of in-situ
thermo-catalytic cracking of NH3 using a novel multi-pass heat
exchanger cracker system. The key conclusions are summarized as
follows:

(1) The Ru-based catalysts, particularly those electroplated on
stainless steel wire mesh, exhibited superior performance in
terms of cracking efficiency compared to thermal cracking alone.
The Ru and Ru—Co electroplated stainless steel mesh configu-
ration showed similar performance to commercially available
catalysts, highlighting the potential for a cost-effective catalyst
system with reduced ruthenium usage in the Ru-mesh.

The cracked flame demonstrated a wide range of flame stability
across three NH; flow rates (Vnus crack = 15 SLPM, 20 SLPM, and
25 SLPM). Distinct flame instabilities and morphologies were
observed at the onset of lean and rich flame blowouts.

The combustion characteristics of the cracked flame revealed
interdependencies among the inlet temperature of the catalytic
tube (Tcrackour), cracking efficiency (ferack), estimated equiva-
lence ratio (¢est), and the cracking ratio of the combustion pro-
cess. Even minor changes in one parameter significantly
influenced the other.

The emission showed a similar trend across different Vus crack,
with a slight shift towards leaner conditions as Vnus3crack
increased. This shift was driven by synergistic effects of heat loss,
the burner’s cracking ratio, and thermal power. Optimizing
catalyst contact time and enhancing flame stability are critical for
improving performance and reducing emissions.

The NO emissions peaked at st ranges of 0.77-0.83, 0.74-0.83,
and 0.71-0.80 for the 15 SLPM, 20 SLPM, and 25 SLPM cases,
respectively. NO production was 47 % and 77 % higher for the 20
SLPM and 25 SLPM cases compared to 15 SLPM, primarily due to
increased radical production (H, OH, NH, and O), which

(2

—

3

(€))

)
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enhanced NO formation via the HNO pathway. These findings
were further validated through detailed CRN analysis.

The narrow stability limits, low cracking efficiency at higher NH3
flow rates and poor experimental flexibility in controlling the various
parameters of the present in-situ cracked flame open the scope for future
study. A comprehensive investigation into the development of low-cost,
high-performance catalysts and improved cracker designs is essential for
further advancement of this system. Furthermore, the promising results
obtained with the Ru-based catalysts suggest that further optimisation
and scaling up of this technology could contribute significantly to
advancing sustainable combustion technologies and reducing reliance
on fossil fuels.
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