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Abstract

This study examined the premixed NHa/biogas combustion at near stoichiometric using an
experimentally validated numerical method. Raising the NH3 wt.% in NH3/CH4 combustion at
¢ = 0.8 brought up the average reaction temperature (Tavg) due to heat retention. Intensified by
COz addition, Tavg in NHs/biogas increased by a factor of 1.2 compared to NH3/CHas. At ¢ =
1.1, higher NHs and CO, wt.% reduced Tavg. The local Damkohler number (Da) was reduced
marginally in the absence of CO: as ¢ increased from 0.8 to 1.1. Conversely, local Da grew
considerably in the presence of CO, and was particularly sensitive to variations in the excess
air ratio. Increased NH3z wt.% promoted NO emission, primarily via N + OH — NO + H and
H + HCNO — CH2 + NO pathways. NHs/biogas produced more NO than NHz/CHas from ¢ =

0.9 to 1.1, but as ¢ approached 1.1, NO is generally lowered. N2O is produced mainly by NH
+ NO — N2O + H. Fuel-lean operation generally results in a higher N.O than fuel-rich
operation. The NHa/biogas combustion at ¢ = 0.8 is a potential clean fuel solution in lowering
NO emissions, as compared to NH3/CH4 combustion.
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1.0  Introduction

Ammonia (NHs) has been ascertained as one of the sustainable zero-carbon energy
sources, owing to its high hydrogen (H2) contents [1]. NH3 features a lesser cost/unit of stored
energy and a higher volumetric energy density than Hz. The cost of storing pure H, for 182
days was higher than that of storing NHs by a factor of ~27.7 [2]. Furthermore, the volumetric
energy density of NHz is higher than that of H. by ~4.2 MJ/L [1]. Considering these, numerous
efforts have been spent to enhance the ammonia production strategy [3-5], thermo-economic
analysis [6], and optimisation of the downstream supply system [7]. Nonetheless, NH3-based
thermal power generation systems do have drawbacks [8], such as high nitric oxide (NO) and
lower reactivity [9,10]. Developing new combustion strategies and technologies is essential to
expedite the adoption of green NHs in the power generation industry. To improve the
combustion of neat NH3, adding methane (CHa) has been proposed as a potential solution.

Valera-Medina et al. [11] examined the swirl combustion of premixed NH3/CHas. As
the global equivalence ratio (¢) increased to > 1.1, the NO emissions were practically
diminished, mainly due to a large portion of the NO being consumed by the amidogen radicals
(NH2*). In fuel-lean operation, the NO was produced primarily by the reactions among nitrogen
atoms (N), imidogen (NH), and oxygen atoms (O). Somarathne et al. [12] found that when the
NHs energy proportion was increased by ~40%, NO emissions from the combustion of non-
premixed NHs/CHa experienced a substantial increase of nearly three orders of magnitude.
Another relevant study reported that the combustion of non-premixed NHs/CHa in excess air
showed promising results in mitigating NO emissions [13].

An et al. [14] examined the premixed NHs/CHa/air swirl flames via a numerical
approach. The species residential time scale in the inner recirculation zone (IRZ) was identified
to have influential effects on the formation of NO, prolonged local residence time led to a high

NO production in the IRZ. The formation of hydroxyl radicals (OH) and NO was also closely
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linked to elevated temperatures [14]. Furthermore, the elevated swirl number led to a noticeable
increase in the lean blow-off limit in an NH3/CHa swirl flame [15]. The authors identified four
distinctive macrostructures that initiated the fuel-lean flame blow-off when lowering the flame
global equivalence ratio [15]. Zhang et al. [16] reported that a high swirl flow intensity results
in flame root extinguishing. On the contrary, low-intensity swirl flow failed to form the central
recirculation zone that is essential for flame stabilisation. In all, a medium swirl number of
~0.76 was to be ideal for limiting NO emissions while ensuring flame stability.

Flzesi et al. [17] reported that the emission of nitrous oxide (N2O) from the combustion
of NH3/CHja4 swirl was practically transformed into NO at the combustor outlet, and the levels
of carbon monoxide (CO) remained consistently low across all cases, Furthermore, the NO
emissions were found doubled with the elevation of NH3 concentration from 20% to 50%. Wei
et al. [18] examined the impact of acoustic excitation on the dynamics of CH4/NHa/air swirling
flame. Their study unveiled that the flame exhibits a distinctive layered V-shape with periodic
fluctuations for an acoustic excitation frequency of ~70 Hz, and it transformed into an inverted
cone shape at a high-frequency acoustic excitation frequency of ~270 Hz. At a flame excitation
frequency of ~120 Hz, the NO and CO were found to be lowered by ~203 ppm (from ~700
ppm) and ~170 ppm (from ~300 ppm), respectively. Nonetheless, elevated thermoacoustic
excitation frequency can disrupt the flame structure, causing a sharp escalation in CO emission.
Mashruk et al. [19] examined ternary fuel combustion that comprised of containing NH3, CHa,
and H at varying concentrations. It was reported that the CH4/NHs/H; blend in 20/55/25
volumetric fraction inhibited flashback and resulted in considerably low emissions when
operated at a slight fuel-rich equivalence ratio of 1.2. Furthermore, it was also found that
hydrogen radical (H) and heat losses have tremendous effects in reducing the N2O [20].

Wang et al. [21] compared the partially premixed NH3z/CHa swirl flames and premixed

NH3/CHgs swirl flames. The flow field of the partially premixed swirl flame showed the dearth
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of the recirculating flow structure that is found in the premixed swirl flames, yet the effect on
flame stabilisation was only trivial. When compared with the premixed operation, the partially
premixed flame exhibited substantial NO and CO emissions reduction by at least a factor of 2
at ¢ ~0.65. In another study, Wang et al. [22] customised swirl burner was employed to
examine the impact of residence time scale on premixed NHs/CHoa/air emissions. Elevating the
swirl number effectively lowers the NO, nitrogen dioxide (NOz), and N2O emissions. NO
formation was confined to the main reaction zone of the swirling flame, particularly up to 60
mm height for this burner. Extending the length of the combustor reduced the concentrations
of NO2 and N20O without increasing the NO concentration noticeably. A positive correlation
between NO and OH laser-induced fluorescence (LIF) intensities was observed.

There is an increasing effort in examining the swirl combustion of NHs3/CHa.
Nonetheless, the study on the swirl combustion of NHa/biogas is comparatively scarce. Biogas
is a type of renewable methane that is typically produced via anaerobic digestion and consists
of mainly CHs4 (50-75%) and carbon dioxide (COz, 25-50%) [23], where the removal of CO>
from the biogas requires additional effort [24]. Despite its renewability, a substantially large
amount of CO> in the fuel mixture could pose new challenges to combustion operations. To
date, the effect of CO> in the biogas on the thermochemical, turbulent-reaction, and emissions
characteristics of NHa/biogas swirl flame at the near stoichiometric operations remains
undetermined. By using an NHs/CH4 swirl flame as the baseline, the present study extends on
previous work [25] by examining the swirl combustion characteristics of NHs/biogas at near

stoichiometric operations.
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2.0  Research method
2.1 Experimental setup

The experimental work was performed using a generic gas turbine premixed swirl
burner (Figure la & b) to obtain emissions data for numerical model validation in the
subsequent subsection. CHs and CO2 were blended inside the fuel mixer to form biogas. The
biogas was then directed to the plenum to mix up with the air to form a homogeneous
flammable mixture. The mass flow rate of CHs, COz, and air were regulated using Sierra mass
flow controllers (MFC) to set up the flame at 7 kW input thermal power. An axial swirler with
6 straight vanes (thickness 1.5 mm) oriented at 45° from the axial centreline axis was laid at
the burner exit to generate swirling flow with a geometric swirl number (Sn) of ~ 0.84. The
swirl flame was established at the burner outlet by igniting the flammable mixture. A biogas
composition of 30% CO- and 70% CH4 by mass was chosen for this study. A KANE Quintox
905 gas analyser was used to measure exhaust gas emissions at the outlet of the quartz tube.
The range of the NO was 0-5000 ppm with a resolution of 1 ppm. The uncertainty for NO
emission <100 ppm was £ 5 ppm, while the uncertainty for NO emission >100 ppm was + 5%.

The propagated error for NO in this experiment was found to be + 7.5%.
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Figure 1 (a) Generic gas turbine swirl combustion system, (b) Experimental setup for data
collection, (c) Grid setup for numerical study (Adapted from [25] and [26]).

2.2 Chemical kinetic modelling

Chemical kinetic analysis was performed using CHEMKIN. The gas turbine combustion
network was modelled based on the previous studies [20,27] and is shown in Figure 2. The
Okafor mechanism [28] was chosen for chemical kinetics and sensitivity analysis. The aim was
to find the reactions that have the greatest impact on the formation of key species. The reaction
zones are modelled using a separate perfectly stirred reactor (PSR). The recirculation strength
was approximated from previous experimental works [20,27] and experimental data from

section 2.1. A PSR is a zero-dimensional ideal reactor in which reactions occur within the
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control volume uniformly without any spatial variation of parameters [29]. A steady flow of
reactants and oxidiser are introduced through the inlet of the control volume. The equation for
the global conservation of mass of various gaseous substances over time in the control volume

is expressed as:

leet(f) Npsr

dy(J) i
Z (¥ — Y + Z m® R — vy

pV(])

Y(]) ZA(J)ZS(J) W, + (V) DOW, + z A(;)So) dW, (1)
m=1

where, j represents the number of reactors, p denotes the mass density, V' stands for the
volume of the reactor, m;" represents the inlet mass flow rate, and 71 represents the outlet mass
flowrate. N;,,..» indicates the inlet quantity for each reactor j, while Npgg represents the total
number of reactor modules in the reactor network. R,; represents the proportion of the effluent
that is recirculated back to the reactor j from reactor r. Y; represents the mass fraction of the
ki species, W, denotes the molecular weight of the k™ species, and ) refers to the molar
generation rate of the k™ species produced by gas-phase chemical reactions per unit volume.
The superscript = is used to identify quantities associated with the inlet stream i. When
deposition or etching of material occurs within the reactor, there is a difference between the
outlet mass flow rate and the sum of the inlet and recirculation mass flow rates, which is
represented by the last term on the right side of the equation. In this expression, A4,, refers to
the reactive area of the m™ material, and S, ,,, represents the molar surface generation rate of
the k™ species per unit surface area of the m™ material. The rate of reaction and species

concentrations are governed by the chemical kinetics mechanism file.
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Heat is generated during chemical reactions and is also dissipated to the surroundings.

The total internal energy equation for the entire reaction system is as follows:

gy intet® Kg Npsr Kg Kg
Sys . k(j * 7ok j J > j ‘
T Z mi(]) Z(Yk,ihk,i)(f) + Z m(r)Rrj Z(Ykhk)(r) - (mz Yiehi )P — l(é.zs
i=1 k=1 =1 k=1 k=1
0) p vy

+ Qsource - P(]) dt (2)

The total internal energy of the system Uy, includes the internal energies of the gas,
surface phase, deposited or etched solid phase, and the reactor walls, h refers to the specific
enthalpy of the k™ species, and P refers to the pressure. The net heat flux Qs refers to the
heat lost from the reactor. This heat flux Q;,s can be specified directly by setting a constant,
or by setting a constant heat transfer coefficient with the environmental temperature T,. Carbon
steel with a heat transfer coefficient of 80 J/m?-K-s was chosen, while the environmental
temperature was set at 298 K. Qg,urce refers to the energy deposited and generated in the
reactor. The post-combustion zone was modelled as a one-dimensional Plug Flow Reactor

(PFR) with a length of 40 cm.

11
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Figure 2 Gas turbine combustion network for chemical kinetic modelling [20,27]

2.3 Numerical modelling

ANSYS Fluent was used to model and simulate the reacting swirl flow. Okafor’s
mechanism [28] was chosen to model the species reactions in this research, as previous studies
have shown that it has a good correlation with ammonia flames [30]. This mechanism is a
simplified version of the Tian mechanism [31], which has been widely validated [32] and
contains fewer species (27) and reactions (130), thus requiring less computational effort [30].
The Flamelet Generated Manifold (FGM) method with a comprehensive chemical reaction
scheme that leverages the chemical data from a series of one-dimensional (1D) flame surface
calculations was adopted for flame surface simulation in the present study. The 1D premixed
flame surface was solved within the reaction progression space whereby the progression
variable is defined as the normalised sum of the product species mass fractions among all

species in the chemical process, given by:

- Xk o (Yi-Yi) ] _ Y 3)
[Zea(Vi-Y)] Y

12



208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

where, u refers to the unburned reactant at the flame input, while eq signifies chemical
equilibrium at the flame exit. To ensure that the reaction rate ¢ of the flame increases
monotonically, a coefficient a;, is introduced. For all species, a) = 0, except for aco, =
aco = 1 for hydrocarbon combustion and ay,, = 1 for fuels containing no C element, such
as Ho. The adiabatic flamelet equations in one dimension can now be translated from physical

space to reaction-progress space.

Oy, i _ aZYk+, A

ot P ac O P2 Tk 4)
or, or  _ &T 1 L P acp+z dYy \ T s
Pt Pac e Pk oc? _cp o k Ok ¢, \ Oc o Pk | ac )

where, T is the temperature, t represents time, h stands for the total enthalpy and ¢, , refers

to the specific heat at constant pressure for species k" . The scalar dissipation rate, denoted by

X IS defined as follows:

A 2
Yo 17 ©)
p

where, A represents heat conductivity. The variable ¢, along with the scalar dissipation y.,
serves as an input to the equation set, with equation 2 (adiabatic flamelet equations) now given

as:

oYy OYy A 82Yk
—+p—m.=—|Vc|? +G 7

The maximum scalar dissipation, x,,.., of a premixed flamelet varies with different
mixture fractions. The scalar dissipation y.(f,c) for any mixture fraction f is modelled as

follows:

2
x.(f.e) = ern];gexp -2 <erfc'1 (L)> exp (-2 (erfc'1 (20))2) (8)

fsto
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where STO and erfc~tare the stoichiometric proportion of the mixture and the inverse
complementary error function, respectively. In ANSYS Fluent, scalar dissipation at the

stoichiometric mixture fraction is an input for the premixed flamelet generator, denoted as >°.

The default value of XEITO = 1000 s~ is generally applicable for strain-free fuel-rich, lean, and

ax

stoichiometric flamelets at standard temperature and pressure [26].

A SIMPLE computational method was used to calculate the pressure-velocity coupling
[33,34]. A second-order upwind method was used to discretise the governing equations. For
pressure, PRESTO! system was used due to its capability of accelerating the simulation
convergence [33,34]. A high-quality mesh is essential in areas with high temperatures and
gradients in species concentration. For this simulation study, primarily a structured hexahedral
grid was chosen, as shown in Figure 1c. The aspect ratio and the orthogonal quality were used
to calculate the mesh quality. A high-quality hexahedral grid has a minimum orthogonal quality
of 0.15 and a maximum aspect ratio of 35 [35]. This study's lowest orthogonal quality was 0.19,
and its greatest aspect ratio was 13.43, both being within the previously indicated range. The
saturated and fine mesh was created at the swirler and the area immediately following its
outflow; the grid became coarser as it approached the burner outlet. To estimate the flow in
these areas, a refined mesh is needed especially at the swirler exit. Several compositions of
NHa/biogas were examined in this study, denoted as CxNy, where x and y denote the mass
fraction of CO- in the biogas and NHs, respectively (Table 1). At the inlet, a mass flow rate
model setup was set using these compositions. The value of turbulence intensity was derived

from [36]. The border of the combustor wall was configured to be non-slip. The flow output

was configured to be the burner outlet.

14
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Table 1 Biogas and NH3 compositions in the premixed biogas/NHs mixture.

Abbreviation Biogas components NHs mass
fraction in the
CHa mass fraction CO2 mass fraction NHas/biogas
in biogas (wt.%0) in biogas (wt.%0) (wt.%0)

CON20 100 0 20
CON30 100 0 30
CON40 100 0 40
CONG60 100 0 60
C30N20 70 30 20
C30N30 70 30 30
C30N40 70 30 40
C30N60 70 30 60
C40N20 60 40 20
C40N30 60 40 30
C40N40 60 40 40
C40N60 60 40 60

The grid-independent test was performed where the NO emissions from biogas
converged at 1.7 million elements as ¢ varied from 0.75 to 0.9. Thus, the 1.7 million grid
elements were considered grid-independent because the NO emissions results were almost
identical for the >1.7 million grid. According to Mayr et al. [33,34], when the residual for the
species concentration < 0.001, the simulation is regarded as converged. Furthermore, the
residuals for continuity, velocity, and k-epsilon, should also be < 103, and the mixture fraction
variance and mean mixture fraction residuals should be reduced to < 10 [33,34]. Apart from
the residual, another measure of the simulation process's convergence is the number of
iterations. After 5000 iterations, there are no discernible changes in the variations in NO
emission. The NO mean value is considered to have converged when the NO value becomes

less variable and approaches a steady state. Figure 3c shows the velocity flow field while Figure

15
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3d depicts the flame temperature overlays with the flow field vector. The location of IRZ, high
momentum flow region (HMFR), and outer recirculation zone (ORZ) are labelled. Figure 3a
compares the CFD-generated NO emissions with those obtained via experimental in section
2.1, with ¢ varied from 0.7-0.9 at 7 kW input thermal power. A tendency towards agreement
between the experimental results and the FGM-estimated NO concentration has been noted.
The Root Mean Squared Error (RMSE) between experimental data and simulation results was
found to be 2.05 ppm. In all, CFD-predicted results demonstrated good agreement with
experimental data. Nevertheless, the NO concentration was overestimated when stoichiometry
was approached. Figure 3b compares the simulation results with those obtained published by

[11] using 60/40 NHs/CHs at 44 kKW input thermal power, with ¢ varied from 0.81-1.14. The

RMSE between experimental data and simulation results was 124 ppm.
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with flow field vector for biogas swirl flame established at 7 kW input thermal power, ¢ =0.8.
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3.0  Resultand Discussion

Figure 4 shows the normalised temperature profiles for the combustion of NH3z/ CH4
and NHa/biogas. In the absence of CO,, fuel-lean operation at ¢ = 0.8 increases the average
reaction zone temperature (Tavg) by ~0.09 (Figure 4a & i) as the NHs mass fraction is raised
from 20% to 60%. In the swirl-stabilised flame, the IRZ traps hot combustion gases due to the
presence of central recirculating flow. Hence, higher temperature mixtures prevail within the
IRZ. This aligns with flames characterised by the recirculation of burned gas documented by
[37]. Increased NHs mass fraction lowers the mixture reactivity which slows down fuel
oxidation, causing the heat to build up and give rise to the local temperature as seen in Figure
4i, despite the overall lower mixture reactivity. This effect is augmented when CO; is added to
the fuel mixture (Figure 4b, f & j), where Tayg is elevated by a factor of averaging 1.22 when
compared with the operation without CO. (Figure 4a, e & i). Furthermore, the disparities in
Tavg between C40N20, C40N40, and C40N60 are only marginal (~0.03), signifying that CO»
is an effective heat absorbent agent at ¢ = 0.8 operation. Furthermore, higher CO2 molecular
weight than CH4 and NHz is also expected to decelerate the flow. As shown in Figure 5, the
normalised velocity for CON20 is constantly higher than that of C40N20. Increased mixture
residential time scale consequently raises heat retention effect. Furthermore, CO addition also

suppresses the primary chain branching reaction H + O, — O + OH [38]. A comparatively high

O- concentration is, therefore, needed to advance the primary chain branching reaction H + O>
— O + OH, resulting in the peak Tayg for CA0N20 to take place at a leaner operation than
CONZ20. It was reported that elevating the CO; fraction in the CHa/air from 0% to 60% shifted
its peak laminar flame speed (S.) from ¢ = 1.1 to ¢ = 1.0 [39]. This denotes that a

comparatively high Oz concentration is essential in achieving the peak Si for the reactant doped

with CO..
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combustions, (g) CON40 and (h) C40N40 at ¢ = 1.1 combustions, (i) CON60 and (j) C40N60
at ¢ = 0.8 combustions, (k) CON60 and () C40N60 at ¢ = 1.1 combustions.
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Figure 4 also shows that at ¢ = 1.1 and in the absence of CO,, the Tavg for CON20 and
CONA40 (Figure 4c & g) are higher than their operation at ¢ = 0.8 by ~0.1 (Figure 4a & €). This
is likely due to the peak Si for neat methane taking place at about ¢ = 1.1 [28]. Excessive air
supply at ¢ = 0.8 causes Tayg to decline by ~0.1. In other studies, the maximum S for neat
methane was found to be ~ 36 cm/s at ¢ = 1.05 and reduced by a factor of ~1.44 as ¢ lowered
to 0.8 [28,40]. In contrast to CON20 and CON40, Tavg for CONG60 at ¢ = 1.1 is lower than that
of ¢ = 0.8 by ~0.03 (Figure 4i & k). Unlike fuel-lean operation, air flow momentum is lowered
at ¢ = 1.1. Weakened recirculating flow reduces the heat retention effect. This, along with the
lowered mixture reactivity, results in the reduction of Tavg. For fuel mixture with CO, added
(Figure 4d, h & 1), the Tayg is reduced by averaging 0.16 as the combustion progresses from ¢
= 0.8 into ¢ = 1.1. This is partly due to the O> concentration in the air decreasing by a factor
of ~1.38 from ¢ = 0.8 to 1.1, the presence of CO. intensifies the suppression of the primary

chain branching reaction H + O — O + OH. In addition to suppressing the primary chain
branching reaction H + O, — O + OH, elevated CO, mass fraction also promotes the reaction
H+ O2 + M — HO + M that inhibits the formation of OH, O, and H radicals [41]. Together

with the weakened heat retention at ¢ = 1.1, these lead to Tavg reduction by averaging 0.16. In
a related study, it was shown that the disparities in S_ between syngas mixture with 0% and
34% CO2 increased from 40 cm/s at ¢ = 0.8 to 60 cm/s at ¢ = 1.1 [38], denoting that the diluent
effect of CO2 is more pronounced at ¢ = 1.1 than ¢ = 0.8. Overall, increased NH3 mass fraction
at the ¢ = 0.8 NH3/CH4 combustion raises the Tayg, due to the heat retention. This effect is
intensified with the addition of CO». Furthermore, the higher CO2 molecular weights, compared
to CH4 and NHs, also affect the molecular transport and residence time scale, elevating the Tayg
in NHa/biogas combustion by a factor of averaging 1.2 as compared to NH3/CHas. At ¢ = 1.1

combustion where the heat retention effect is reduced, increased NHs mass fraction in the
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NHas/CH4 mixture results in a lower Tayg. In contrast to the ¢ = 0.8 operation, adding CO- at ¢

= 1.1 combustion does not elevate Tayg. The Tayg for NHa/biogas is lowered by a factor of

averaging 1.1 when compared with NH3/CHa. The reduction in Oz concentration is another

reason that contributes to the lower NHz/biogas flame temperature at ¢ = 1.1 combustion.
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Figure 5 Normalised velocity for (a) CON20, (b) C40N20 combustion at ¢ = 0.8, and (c) CON20,
(d) C40N20 combustion at ¢ = 1.1. Radial velocity profiles for CON20 and C40N20 at (e) ¢ =
0.8 and (f) ¢ = 1.1 combustion.
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Turbulence-flame interactions were characterised using the Damkdhler number (Da) in
this study. Figure 6 shows the Da at different streamwise locations at h = 10 mm, unveiling
that in the fuel-lean operations of ¢ = 0.8, the IRZ peak Da for CON20 (~35.35) is notably
higher than those of C30N20 (~21.39) and C40N20 (~15.55). Nonetheless, as the global
equivalence ratio progresses to 1.1, the disparities in IRZ peak Da among fuel mixtures are not
illustrious. The peak Da for C30N20 increased from ~21.39 (¢ = 0.8) to ~ 36 (¢ = 1.1), and
the peak Da for C40N20 increased from ~15.55 (¢ = 0.8) to ~30 (¢ = 1.1). Of which, the Da
profiles for CON20 and C30N20 practically overlap with one another. A similar trend is also
seen in the HFMR, whereas in the fuel-lean combustion, the Da for C30N20 (Da ~3.1) and
C40N20 (Da ~1.78) are lower than that of CON20 (Da ~5.28). Conversely, the Da for all fuel
mixtures in the fuel-rich combustion overlays in the HMFR, with an average Da of ~3.3. The
HMFR Da for CON20 is reduced by ~1.98 while the HMFR Da for C40N20 is increased by
~1.52 when the combustion progresses from ¢ = 0.8 to 1.1.

The present study unveils that the variation in local Da is more sensitive to the increase
in the global equivalence ratio when CO- is added to the NHz/CHa4 mixture. The relatively large
Da disparities between CON20, C30N20, and C40N20 are practically diminished as the global
equivalence ratio is raised from 0.8 to 1.1 (Figure 6). A similar trend is also observed for the
mixture with 40 wt.% NHs. This is likely due to the increase in the length scale of the flame.
The molecular weight of CO> is 2.74 and 2.58 times higher than those of CH4 and NHs,
respectively. A considerably higher CO2 molecular weight causes it to diffuse slower as
compared to CH4 and NH3, especially at ¢ = 1.1 where the normalised flow velocity is reduced
by ~0.15 as seen in Figure 5. Increased length scales of the flow are reflected in Figure 5, where
the reacting flow field for the C40 mixture at ¢ = 1.1 shows visibly lower velocity in the HMFR
and IRZ as compared to the CO mixture at ¢ = 1.1. It was shown in a numerical study involving

turbulent premixed combustion that the Da was elevated from 0.3 to 0.71 when the turbulent
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Reynolds number was reduced by a factor of 2.5 from 208 to 82 (corresponding to a reduction
in u’/S. from 10 to 4) [42]. In another study, the Da was escalated from 0.27 to 2.63 as u’/Si
was reduced from 10 to 1 when the ratio between turbulent length scale and flame thickness
was kept at 2.63 [43]. A similar trend was also observed when the ratio between the turbulent
length scale and flame thickness was increased to 5.25, whereas the Da increased from 0.53 to
5.3 as u’/St reduced from 10 to 1 [43]. Overall, in the absence of CO, the changes in local Da
are only marginal when the global equivalence ratio is increased from 0.8 to 1.1. Conversely,
with the presence of CO, the increase in local Da is more prominent for the same variation in
the global equivalence ratio, indicating the distinct impact of CO. on local flame-turbulence

interactions at ¢ = 1.1.
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Figure 7 shows that increased NH3z mass fraction generally gives rise to the global NO
emission index (Elno), whereas NHas/biogas typically results in notably higher Elno than
NH3/CH4 from ¢ = 0.9 to 1.1. At ¢ = 0.8, however, Elno produced by NHa/biogas combustions
are lower than that of NH3/CHj4 by averaging 2.5 times (Figure 7b & c). As shown in Figure 8,
N+ OH — NO + H and H+ HCNO — CH2 + NO are two prominent reactions that lead to the
NO formation, regardless of the variation in ¢ and fuel compositions. The N + OH — NO + H
was also reported to be dominant, especially at near stoichiometric combustion by an early
study [44]. The formation of nitrogen atoms at near stoichiometric conditions can be due to the
dissociation of N2 at high temperatures. Likewise, OH is produced at near stoichiometric via
the thermal decomposition of water vapour (H-O) and CO; through H + H:O — OH + H and
H + CO2 — CO + OH, respectively. HCNO (Isocyanic acid) is present due to the combustion
of CHa4 and CO2 in nitrogen-rich conditions that prompts the formation of HCN (Hydrogen

Cyanide). HCN reacts with OH to form HCNO through the reaction HCN + OH — HCNO +

H. As depicted in Figure 8d, C40N40 exhibits a noticeable increase in N + OH — NO + H and
H + HCNO — CH2 + NO reactions when compared with CON40, C40N20, and CON20. A
plausible reason is that increased CO2 composition leads to a higher Tayg as illustrated in Figure
4f & h, thereby intensifying the N + OH — NO + H and H + HCNO — CH2 + NO reactions.
When NH3 mass fraction is increased to 60%, N + OH — NO + H and H + HCNO —
CH:2 + NO remain the predominant pathways of producing NO. Other reaction pathways such
as NH + O — NO + H, and HNO + H — NO + Hz also emerge as important routes in producing
the NO. Nonetheless, the NO formation via HNO (i.e. NHz — NH> — NH — HNO — NO) is
not prevalent yet in ¢ = 0.8-1.1, it is expected to be more influential at a leaner operation such
as ¢ = 0.65 as observed by [20]. As the global equivalence ratio marches into 1.1, the Elno for
all fuel mixtures shows decreasing trends, primarily because of the reduction in the O2 supply.

Nevertheless, N + OH — NO + H and H + HCNO — CHz + NO remain the predominant
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reactions that produce the NO, whereas N + NO — Nz + O rests as the principal NO
consumption route. Figure 7 also shows that the N2O emission index (Eln2o) is generally
increased as the mass fraction of NHz is raised from 20% to 60%. In low NH3 combustion
(Figure 7d), the disparities in Elnzo between NHa/biogas and NHs/CHjy are distinct. In the high
NH3z combustion (Figure 7f), however, the disparities in Eln2o between NHas/biogas and
NHas/CHj4 are not obvious. As shown in Figure 9, N2O is mainly produced via NO consumption
route NH + NO — N20 + H. When the NHz mass fraction is increased, a higher NO
concentration promotes the production of N2O. Overall, Eln2o decreases with the increase in
the global equivalence ratio. The Eln2o for C40N20 is ~0.035 g/kg at ¢ = 0.8 and reduced to
~0.025 g/kg at ¢ = 1.1. A similar trend was also reported by Zhang et al. [45] where the N2O
emissions from the combustion NH3/CH4 with 30 vol.% CH4 reduced by ~60 ppm as ¢
increased from 0.6 to 1.2 [45]. The N2O is mostly consumed by N.O + H — N2 + OH and N2O

+H — NNH +O.
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29



448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

4.0  Conclusions

The swirl combustion of NHs/biogas was examined at a global equivalence ratio of 0.8
— 1.1 via a numerical approach. Increasing NHz wt.% in NHs/CH4 combustion at ¢ = 0.8
elevated the Tavg because of the heat retention. It was augmented by CO> addition, raising the
Tavg in NHs/biogas combustion by a factor of averaging 1.2 as compared to NH3/CHa. At ¢ =
1.1, heat retention was weakened, and higher NH3s mass fractions in NHs/CH4 turnout lower
the Tavg. Unlike ¢ = 0.8, adding CO> at ¢ = 1.1 lowered Tayg in NHa/biogas combustion by a
factor of averaging 1.1 when compared with NHs/CHs4. Furthermore, CO. also had a
considerable influence on local flame-turbulence interactions at ¢ = 1.1, as evidenced by a
notable rise in local Da for the same change in the global equivalence ratio. In the absence of
COo, the changes in local Da were only minor when the global equivalence ratio was increased
from 0.8 to 1.1. NO emission was mainly produced viaN + OH — NO + Hand H + HCNO —
CH2 + NO. NHa/biogas produced a higher Elno than NH3/CHa4 from ¢ = 0.9 to 1.1, whereas
escalated NH3z wt.% generally prompted the NO formation. Elno decreased as ¢ approached
1.1, due to reduced O2 supply. NoO was mostly produced via NH + NO — N2O + H. The
NHs/biogas combustion produced noticeably more Eln2o than NH3/CHa at low NHs operation,
but the disparity was not distinct at high NHz combustion. The fuel-lean NHa/biogas
combustion at ¢ = 0.8 presents a viable approach to lowering Elno compared to NHs/CH4

combustion, where Elno was reduced by a factor of averaging 1.2 in the 60 wt.% NH3 operation.
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