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Abstract 21 

This study examined the premixed NH3/biogas combustion at near stoichiometric using an 22 
experimentally validated numerical method. Raising the NH3 wt.% in NH3/CH4 combustion at 23 

φ = 0.8 brought up the average reaction temperature (Tavg) due to heat retention. Intensified by 24 

CO2 addition, Tavg in NH3/biogas increased by a factor of 1.2 compared to NH3/CH4. At φ = 25 

1.1, higher NH3 and CO2 wt.% reduced Tavg. The local Damköhler number (Da) was reduced 26 

marginally in the absence of CO2 as φ increased from 0.8 to 1.1. Conversely, local Da grew 27 

considerably in the presence of CO2 and was particularly sensitive to variations in the excess 28 

air ratio. Increased NH3 wt.% promoted NO emission, primarily via N + OH → NO + H and 29 

H + HCNO → CH2 + NO pathways. NH3/biogas produced more NO than NH3/CH4 from φ = 30 

0.9 to 1.1, but as φ approached 1.1, NO is generally lowered. N2O is produced mainly by NH 31 

+ NO →  N2O + H. Fuel-lean operation generally results in a higher N2O than fuel-rich 32 

operation. The NH3/biogas combustion at φ = 0.8 is a potential clean fuel solution in lowering 33 

NO emissions, as compared to NH3/CH4 combustion. 34 
 35 
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LIST OF ABBREVIATIONS 

 

1D —  One-dimensional 

C —  Carbon 

CH4 —  Methane 

CO —  Carbon monoxide 

CO2 —  Carbon dioxide 

CxNy —  Compositions of CO2/NH3 

Da —  Damköhler number 

EINO —  NO Emission Index 

EIN2O —  N2O Emission Index 

FGM —  Flamelet Generated Manifold 

H —  Hydrogen radical 

H2 —  Hydrogen 

H2O —  Water vapour 

HCN —  Hydrogen cyanide 

HCNO —  Isocyanic acid 

HMFR —  High Momentum Flow Region 

IRZ —  Inner Recirculation Zone 

ISL —  Inner Shear Layer 

LIF —  Laser Induced Fluorescence 

MFC —  Mass flow controller 

N —  Nitrogen atoms 

N2 —  Nitrogen 

NH —  Imidogen 

NH2* —  Amidogen radicals 

NH3 —  Ammonia 

NO —  Nitric oxide 

NO2 —  Nitrogen dioxide 

N2O —  Nitrous oxide 

O —  Oxygen atoms 

OH —  Hydroxyl radicals 

ORZ —  Outer Recirculation Zone 

OSL —  Outer Shear Layer 

PFR —  Plug Flow Reactor 

PSR —  Perfectly Stirred Reactor 

RMSE —  Root mean square error 
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𝑁𝑖𝑛𝑙𝑒𝑡(𝑓) —  The inlet quantity for each reactor j 

𝑁𝑃𝑆𝑅 —  Total number of reactor modules in the reactor network 

P —  Pressure 

𝑄𝑙𝑜𝑠𝑠 —  Heat lost from the reactor 

𝑄𝑠𝑜𝑢𝑟𝑐𝑒 —  Energy deposited and generated in the reactor. 

𝑅𝑟𝑗 —  Proportion of the reactor r's effluent that is recirculated back to reactor j 

SL —  Laminar Flame Speed 

SN —  Swirl number 

STO —  Stoichiometric proportion of the mixture 

T —  Temperature 

Tavg —  Average reaction zone temperature 

𝑌0 —  Environmental temperature 

𝑈𝑠𝑦𝑠 — 
 
 

Internal energy of a system 

V —  Volume of the reactor 

𝑊𝑘 —  Molecular weight of species kth species 

𝑌𝑘 —  Mass fraction of the kth species 

𝑌𝑘,𝑖 —  Mass fraction of the kth species at inlet stream 

    

ak 
—  

A coefficient to ensure that the reaction rate of the flame increases 

monotonically 

c —  Progress variable 

𝑐𝑝,𝑘 —  Specific heat at constant pressure for species kth 

𝑐𝑝 —  Average specific heat capacity of the gas 

e —  Species of electrons 

eq —  Chemical equilibrium at the flame exit 

𝑒𝑟𝑓𝑐−1 —  Inverse complimentary error function 

f —  Mixture fraction 

h —  Specific enthalpy 

ℎ𝑓 —  Heat transfer coefficient 

j —  Number of the reactor 

𝑘𝑡ℎ —  Number of species 

𝑚̇ —  Outlet mass flow rate 

𝑚̇∗ —  Inlet mass flow rate 

t —  Time 

u —  The unburned reactant at the flame input 
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𝜒𝑐 —  The scalar dissipation rate 
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1.0 Introduction 49 

Ammonia (NH3) has been ascertained as one of the sustainable zero-carbon energy 50 

sources, owing to its high hydrogen (H2) contents [1]. NH3 features a lesser cost/unit of stored 51 

energy and a higher volumetric energy density than H2. The cost of storing pure H2 for 182 52 

days was higher than that of storing NH3 by a factor of ~27.7 [2]. Furthermore, the volumetric 53 

energy density of NH3 is higher than that of H2 by ~4.2 MJ/L [1]. Considering these, numerous 54 

efforts have been spent to enhance the ammonia production strategy [3–5], thermo-economic 55 

analysis [6], and optimisation of the downstream supply system [7]. Nonetheless, NH3-based 56 

thermal power generation systems do have drawbacks [8], such as high nitric oxide (NO) and 57 

lower reactivity [9,10]. Developing new combustion strategies and technologies is essential to 58 

expedite the adoption of green NH3 in the power generation industry. To improve the 59 

combustion of neat NH3, adding methane (CH4) has been proposed as a potential solution.  60 

Valera-Medina et al. [11] examined the swirl combustion of premixed NH3/CH4. As 61 

the global equivalence ratio (φ) increased to > 1.1, the NO emissions were practically 62 

diminished, mainly due to a large portion of the NO being consumed by the amidogen radicals 63 

(NH2*). In fuel-lean operation, the NO was produced primarily by the reactions among nitrogen 64 

atoms (N), imidogen (NH), and oxygen atoms (O). Somarathne et al. [12] found that when the 65 

NH3 energy proportion was increased by ~40%, NO emissions from the combustion of non-66 

premixed NH3/CH4 experienced a substantial increase of nearly three orders of magnitude. 67 

Another relevant study reported that the combustion of non-premixed NH3/CH4 in excess air 68 

showed promising results in mitigating NO emissions [13].  69 

An et al. [14] examined the premixed NH3/CH4/air swirl flames via a numerical 70 

approach. The species residential time scale in the inner recirculation zone (IRZ) was identified 71 

to have influential effects on the formation of NO, prolonged local residence time led to a high 72 

NO production in the IRZ. The formation of hydroxyl radicals (OH) and NO was also closely 73 
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linked to elevated temperatures [14]. Furthermore, the elevated swirl number led to a noticeable 74 

increase in the lean blow-off limit in an NH3/CH4 swirl flame [15]. The authors identified four 75 

distinctive macrostructures that initiated the fuel-lean flame blow-off when lowering the flame 76 

global equivalence ratio [15]. Zhang et al. [16] reported that a high swirl flow intensity results 77 

in flame root extinguishing. On the contrary, low-intensity swirl flow failed to form the central 78 

recirculation zone that is essential for flame stabilisation. In all, a medium swirl number of 79 

~0.76 was to be ideal for limiting NO emissions while ensuring flame stability.   80 

Füzesi et al. [17] reported that the emission of nitrous oxide (N2O) from the combustion 81 

of NH3/CH4 swirl was practically transformed into NO at the combustor outlet, and the levels 82 

of carbon monoxide (CO) remained consistently low across all cases, Furthermore, the NO 83 

emissions were found doubled with the elevation of NH3 concentration from 20% to 50%. Wei 84 

et al. [18] examined the impact of acoustic excitation on the dynamics of CH4/NH3/air swirling 85 

flame. Their study unveiled that the flame exhibits a distinctive layered V-shape with periodic 86 

fluctuations for an acoustic excitation frequency of ~70 Hz, and it transformed into an inverted 87 

cone shape at a high-frequency acoustic excitation frequency of ~270 Hz. At a flame excitation 88 

frequency of ~120 Hz, the NO and CO were found to be lowered by ~203 ppm (from ~700 89 

ppm) and ~170 ppm (from ~300 ppm), respectively. Nonetheless, elevated thermoacoustic 90 

excitation frequency can disrupt the flame structure, causing a sharp escalation in CO emission. 91 

Mashruk et al. [19] examined ternary fuel combustion that comprised of containing NH3, CH4, 92 

and H2 at varying concentrations. It was reported that the CH4/NH3/H2 blend in 20/55/25 93 

volumetric fraction inhibited flashback and resulted in considerably low emissions when 94 

operated at a slight fuel-rich equivalence ratio of 1.2. Furthermore, it was also found that 95 

hydrogen radical (H) and heat losses have tremendous effects in reducing the N2O [20].  96 

Wang et al. [21] compared the partially premixed NH3/CH4 swirl flames and premixed 97 

NH3/CH4 swirl flames. The flow field of the partially premixed swirl flame showed the dearth 98 
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of the recirculating flow structure that is found in the premixed swirl flames, yet the effect on 99 

flame stabilisation was only trivial. When compared with the premixed operation, the partially 100 

premixed flame exhibited substantial NO and CO emissions reduction by at least a factor of 2 101 

at φ ~0.65.  In another study, Wang et al. [22] customised swirl burner was employed to 102 

examine the impact of residence time scale on premixed NH3/CH4/air emissions. Elevating the 103 

swirl number effectively lowers the NO, nitrogen dioxide (NO2), and N2O emissions. NO 104 

formation was confined to the main reaction zone of the swirling flame, particularly up to 60 105 

mm height for this burner. Extending the length of the combustor reduced the concentrations 106 

of NO2 and N2O without increasing the NO concentration noticeably. A positive correlation 107 

between NO and OH laser-induced fluorescence (LIF) intensities was observed. 108 

There is an increasing effort in examining the swirl combustion of NH3/CH4. 109 

Nonetheless, the study on the swirl combustion of NH3/biogas is comparatively scarce. Biogas 110 

is a type of renewable methane that is typically produced via anaerobic digestion and consists 111 

of mainly CH4 (50-75%) and carbon dioxide (CO2, 25-50%) [23], where the removal of CO2 112 

from the biogas requires additional effort [24]. Despite its renewability, a substantially large 113 

amount of CO2 in the fuel mixture could pose new challenges to combustion operations. To 114 

date, the effect of CO2 in the biogas on the thermochemical, turbulent-reaction, and emissions 115 

characteristics of NH3/biogas swirl flame at the near stoichiometric operations remains 116 

undetermined. By using an NH3/CH4 swirl flame as the baseline, the present study extends on 117 

previous work [25] by examining the swirl combustion characteristics of NH3/biogas at near 118 

stoichiometric operations.   119 

 120 
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2.0 Research method 121 

2.1 Experimental setup  122 

The experimental work was performed using a generic gas turbine premixed swirl 123 

burner (Figure 1a & b) to obtain emissions data for numerical model validation in the 124 

subsequent subsection. CH4 and CO2 were blended inside the fuel mixer to form biogas. The 125 

biogas was then directed to the plenum to mix up with the air to form a homogeneous 126 

flammable mixture. The mass flow rate of CH4, CO2, and air were regulated using Sierra mass 127 

flow controllers (MFC) to set up the flame at 7 kW input thermal power. An axial swirler with 128 

6 straight vanes (thickness 1.5 mm) oriented at 45° from the axial centreline axis was laid at 129 

the burner exit to generate swirling flow with a geometric swirl number (SN) of ~ 0.84. The 130 

swirl flame was established at the burner outlet by igniting the flammable mixture. A biogas 131 

composition of 30% CO2 and 70% CH4 by mass was chosen for this study. A KANE Quintox 132 

905 gas analyser was used to measure exhaust gas emissions at the outlet of the quartz tube. 133 

The range of the NO was 0-5000 ppm with a resolution of 1 ppm. The uncertainty for NO 134 

emission <100 ppm was ± 5 ppm, while the uncertainty for NO emission >100 ppm was ± 5%. 135 

The propagated error for NO in this experiment was found to be ± 7.5%.  136 

 137 
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 138 
Figure 1 (a) Generic gas turbine swirl combustion system, (b) Experimental setup for data 139 
collection, (c) Grid setup for numerical study (Adapted from [25] and [26]).  140 

 141 
 142 

2.2 Chemical kinetic modelling 143 

Chemical kinetic analysis was performed using CHEMKIN. The gas turbine combustion 144 

network was modelled based on the previous studies [20,27] and is shown in Figure 2. The 145 

Okafor mechanism [28] was chosen for chemical kinetics and sensitivity analysis. The aim was 146 

to find the reactions that have the greatest impact on the formation of key species. The reaction 147 

zones are modelled using a separate perfectly stirred reactor (PSR). The recirculation strength 148 

was approximated from previous experimental works [20,27] and experimental data from 149 

section 2.1. A PSR is a zero-dimensional ideal reactor in which reactions occur within the 150 
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control volume uniformly without any spatial variation of parameters [29]. A steady flow of 151 

reactants and oxidiser are introduced through the inlet of the control volume. The equation for 152 

the global conservation of mass of various gaseous substances over time in the control volume 153 

is expressed as: 154 

 155 

𝜌𝑉(𝑗)
𝑑𝑌𝑘

(𝑗)

𝑑𝑡
= ∑ 𝑚̇𝑖

∗(𝑗)
(

𝑁
𝑖𝑛𝑙𝑒𝑡(𝑗)

𝑖=1

𝑌𝑘,𝑖
∗ − 𝑌𝑘) + ∑ 𝑚̇(𝑟)

𝑁𝑃𝑆𝑅

𝑟=1

𝑅𝑟𝑗(𝑌𝑘
(𝑟)

− 𝑌𝑘
(𝑗)

)156 

− 𝑌𝑘
(𝑗)

∑ 𝐴𝑚
(𝑗)

𝑀

𝑚=1

∑ 𝑆̇𝑘,𝑚
(𝑗)

𝐾𝑔

𝑘=1

𝑊𝑘 + (𝜔̇𝑘𝑉)(𝑗)𝑊𝑘 + ∑ 𝐴𝑚
(𝑗)

𝑠̇𝑘,𝑚
(𝑗)

𝑊𝑘

𝑀

𝑚=1

       (1) 157 

 158 

where, 𝑗 represents the number of reactors, 𝜌 denotes the mass density, 𝑉 stands for the 159 

volume of the reactor, 𝑚̇𝑖
∗
 represents the inlet mass flow rate, and 𝑚̇ represents the outlet mass 160 

flow rate. 𝑁𝑖𝑛𝑙𝑒𝑡(𝑗) indicates the inlet quantity for each reactor 𝑗, while 𝑁𝑃𝑆𝑅 represents the total 161 

number of reactor modules in the reactor network. 𝑅𝑟𝑗 represents the proportion of the effluent 162 

that is recirculated back to the reactor 𝑗 from reactor r. 𝑌𝑘 represents the mass fraction of the 163 

kth species, 𝑊𝑘  denotes the molecular weight of the kth species, and 𝜔̇𝑘  refers to the molar 164 

generation rate of the kth species produced by gas-phase chemical reactions per unit volume. 165 

The superscript ∗  is used to identify quantities associated with the inlet stream i. When 166 

deposition or etching of material occurs within the reactor, there is a difference between the 167 

outlet mass flow rate and the sum of the inlet and recirculation mass flow rates, which is 168 

represented by the last term on the right side of the equation. In this expression, 𝐴𝑚 refers to 169 

the reactive area of the mth material, and 𝑆̇𝑘,𝑚 represents the molar surface generation rate of 170 

the kth species per unit surface area of the mth material. The rate of reaction and species 171 

concentrations are governed by the chemical kinetics mechanism file.   172 
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Heat is generated during chemical reactions and is also dissipated to the surroundings. 173 

The total internal energy equation for the entire reaction system is as follows: 174 

 175 

𝑑𝑈𝑠𝑦𝑠
(𝑗)

𝑑𝑡
= ∑ 𝑚̇𝑖

∗(𝑗)

𝑁
𝑖𝑛𝑙𝑒𝑡(𝑗)

𝑖=1

∑(𝑌𝑘,𝑖
∗ ℎ𝑘,𝑖

∗ )(𝑗) +

𝐾𝑔

𝑘=1

∑ 𝑚̇(𝑟)𝑅𝑟𝑗

𝑁𝑃𝑆𝑅

𝑟=1

∑(𝑌𝑘ℎ𝑘)(𝑟) −

𝐾𝑔

𝑘=1

(𝑚̇ ∑ 𝑌𝑘ℎ𝑘

𝐾𝑔

𝑘=1

)(𝑗) − 𝑄𝑙𝑜𝑠𝑠
(𝑗)

176 

+ 𝑄𝑠𝑜𝑢𝑟𝑐𝑒
(𝑗)

− 𝑃(𝑗) 𝑑𝑉(𝑗)

𝑑𝑡
                                                   (2) 177 

 178 

The total internal energy of the system 𝑈𝑠𝑦𝑠 includes the internal energies of the gas, 179 

surface phase, deposited or etched solid phase, and the reactor walls, hk refers to the specific 180 

enthalpy of the kth species, and P refers to the pressure. The net heat flux 𝑄𝑙𝑜𝑠𝑠 refers to the 181 

heat lost from the reactor. This heat flux 𝑄𝑙𝑜𝑠𝑠 can be specified directly by setting a constant, 182 

or by setting a constant heat transfer coefficient with the environmental temperature 𝑇𝑂. Carbon 183 

steel with a heat transfer coefficient of 80 J/m2·K·s was chosen, while the environmental 184 

temperature was set at 298 K. 𝑄𝑠𝑜𝑢𝑟𝑐𝑒  refers to the energy deposited and generated in the 185 

reactor. The post-combustion zone was modelled as a one-dimensional Plug Flow Reactor 186 

(PFR) with a length of 40 cm.   187 

 188 

 189 
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 190 
Figure 2 Gas turbine combustion network for chemical kinetic modelling [20,27] 191 

 192 

2.3 Numerical modelling 193 

ANSYS Fluent was used to model and simulate the reacting swirl flow. Okafor’s 194 

mechanism [28] was chosen to model the species reactions in this research, as previous studies 195 

have shown that it has a good correlation with ammonia flames [30]. This mechanism is a 196 

simplified version of the Tian mechanism [31], which has been widely validated [32] and 197 

contains fewer species (27) and reactions (130), thus requiring less computational effort [30]. 198 

The Flamelet Generated Manifold (FGM) method with a comprehensive chemical reaction 199 

scheme that leverages the chemical data from a series of one-dimensional (1D) flame surface 200 

calculations was adopted for flame surface simulation in the present study. The 1D premixed 201 

flame surface was solved within the reaction progression space whereby the progression 202 

variable is defined as the normalised sum of the product species mass fractions among all 203 

species in the chemical process, given by:  204 

 205 

c =
[∑ αk(Yk-Yk

u)k ]

[∑ αk(Yk
eq

-Yk
u)k ]

=
Yc

Yc
eq                                                           (3) 206 

 207 
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where, u refers to the unburned reactant at the flame input, while eq signifies chemical 208 

equilibrium at the flame exit. To ensure that the reaction rate c of the flame increases 209 

monotonically, a coefficient 𝛼𝑘  is introduced. For all species, 𝛼𝑘 = 0, except for  𝛼𝐶𝑂2
=210 

𝛼𝐶𝑂 = 1  for hydrocarbon combustion and 𝛼𝐻2𝑂
= 1 for fuels containing no C element, such 211 

as H2. The adiabatic flamelet equations in one dimension can now be translated from physical 212 

space to reaction-progress space. 213 

ρ
∂Yk

∂t
+ρ

∂Yk

∂c
ω̇c=ρχ

c

∂
2
Yk

∂c
2

+ω̇k                                                                          (4) 214 

ρ
∂T

∂t
+ρ

∂T

∂c
ω̇c=ρχ

c

∂
2
T

∂c
2

-
1

cp

∑ hk

k

ω̇k+
ρχ

c

cp

(
∂cp

∂c
+ ∑ cp,k

∂Yk

∂c
k

)
∂T

∂c
           (5) 215 

where, T is the temperature, 𝑡 represents time, ℎ stands for the total enthalpy and 𝑐𝑝,𝑘 refers 216 

to the specific heat at constant pressure for species 𝑘𝑡ℎ . The scalar dissipation rate, denoted by 217 

𝜒𝑐 is defined as follows: 218 

𝜒𝑐=
λ

ρcp

|∇c|2                                                                         (6) 219 

where, 𝜆 represents heat conductivity. The variable c, along with the scalar dissipation 𝜒𝑐, 220 

serves as an input to the equation set, with equation 2 (adiabatic flamelet equations) now given 221 

as: 222 

ρ
∂Yk

∂t
+ρ

∂Yk

∂c
ω̇c=

λ

cp

|∇c|2
∂

2
Yk

∂c
2

+ω̇k                                     (7) 223 

The maximum scalar dissipation, 𝜒𝑚𝑎𝑥 , of a premixed flamelet varies with different 224 

mixture fractions. The scalar dissipation 𝜒𝑐(𝑓, 𝑐) for any mixture fraction f is modelled as 225 

follows: 226 

χ
c
(f,c) = χ

max
STOexp (-2 (erfc-1 (

f

fSTO

))

2

)  exp (-2 (erfc-1(2c))
2

)                        (8) 227 
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where STO and 𝑒𝑟𝑓𝑐−1are the stoichiometric proportion of the mixture and the inverse 228 

complementary error function, respectively. In ANSYS Fluent, scalar dissipation at the 229 

stoichiometric mixture fraction is an input for the premixed flamelet generator, denoted as χ
max
STO. 230 

The default value of χ
max
STO = 1000 𝑠−1 is generally applicable for strain-free fuel-rich, lean, and 231 

stoichiometric flamelets at standard temperature and pressure [26].  232 

A SIMPLE computational method was used to calculate the pressure-velocity coupling 233 

[33,34]. A second-order upwind method was used to discretise the governing equations. For 234 

pressure, PRESTO! system was used due to its capability of accelerating the simulation 235 

convergence [33,34]. A high-quality mesh is essential in areas with high temperatures and 236 

gradients in species concentration. For this simulation study, primarily a structured hexahedral 237 

grid was chosen, as shown in Figure 1c. The aspect ratio and the orthogonal quality were used 238 

to calculate the mesh quality. A high-quality hexahedral grid has a minimum orthogonal quality 239 

of 0.15 and a maximum aspect ratio of 35 [35]. This study's lowest orthogonal quality was 0.19, 240 

and its greatest aspect ratio was 13.43, both being within the previously indicated range. The 241 

saturated and fine mesh was created at the swirler and the area immediately following its 242 

outflow; the grid became coarser as it approached the burner outlet. To estimate the flow in 243 

these areas, a refined mesh is needed especially at the swirler exit. Several compositions of 244 

NH3/biogas were examined in this study, denoted as CxNy, where x and y denote the mass 245 

fraction of CO2 in the biogas and NH3, respectively (Table 1). At the inlet, a mass flow rate 246 

model setup was set using these compositions. The value of turbulence intensity was derived 247 

from [36]. The border of the combustor wall was configured to be non-slip. The flow output 248 

was configured to be the burner outlet. 249 

 250 

 251 

 252 
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Table 1 Biogas and NH3 compositions in the premixed biogas/NH3 mixture. 253 

Abbreviation Biogas components NH3 mass 

fraction in the 

NH3/biogas 

(wt.%) 

CH4 mass fraction 

in biogas (wt.%) 

CO2 mass fraction 

in biogas (wt.%) 

C0N20 100 0 20 

C0N30 100 0 30 

C0N40 100 0 40 

C0N60 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 

 254 

The grid-independent test was performed where the NO emissions from biogas 255 

converged at 1.7 million elements as φ varied from 0.75 to 0.9. Thus, the 1.7 million grid 256 

elements were considered grid-independent because the NO emissions results were almost 257 

identical for the >1.7 million grid. According to Mayr et al. [33,34], when the residual for the 258 

species concentration < 0.001, the simulation is regarded as converged. Furthermore, the 259 

residuals for continuity, velocity, and k-epsilon, should also be < 10-3, and the mixture fraction 260 

variance and mean mixture fraction residuals should be reduced to < 10-6 [33,34]. Apart from 261 

the residual, another measure of the simulation process's convergence is the number of 262 

iterations. After 5000 iterations, there are no discernible changes in the variations in NO 263 

emission. The NO mean value is considered to have converged when the NO value becomes 264 

less variable and approaches a steady state. Figure 3c shows the velocity flow field while Figure 265 
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3d depicts the flame temperature overlays with the flow field vector. The location of IRZ, high 266 

momentum flow region (HMFR), and outer recirculation zone (ORZ) are labelled. Figure 3a 267 

compares the CFD-generated NO emissions with those obtained via experimental in section 268 

2.1, with φ varied from 0.7-0.9 at 7 kW input thermal power. A tendency towards agreement 269 

between the experimental results and the FGM-estimated NO concentration has been noted. 270 

The Root Mean Squared Error (RMSE) between experimental data and simulation results was 271 

found to be 2.05 ppm. In all, CFD-predicted results demonstrated good agreement with 272 

experimental data. Nevertheless, the NO concentration was overestimated when stoichiometry 273 

was approached. Figure 3b compares the simulation results with those obtained published by 274 

[11] using 60/40 NH3/CH4 at 44 kW input thermal power, with φ varied from 0.81-1.14. The 275 

RMSE between experimental data and simulation results was 124 ppm. 276 

 277 
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 278 
Figure 3 Simulation results comparison with (a) experimental biogas NO emissions data 279 

obtained in section 2.1 and (b) experimental NO emissions data of 60/40 NH3/CH4 published 280 

by [11]. (c) numerical velocity profile and (d) numerical flame temperature profile overlays 281 

with flow field vector for biogas swirl flame established at 7 kW input thermal power, φ = 0.8.  282 
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3.0 Result and Discussion 284 

Figure 4 shows the normalised temperature profiles for the combustion of NH3/ CH4 285 

and NH3/biogas. In the absence of CO2, fuel-lean operation at φ = 0.8 increases the average 286 

reaction zone temperature (Tavg) by ~0.09 (Figure 4a & i) as the NH3 mass fraction is raised 287 

from 20% to 60%. In the swirl-stabilised flame, the IRZ traps hot combustion gases due to the 288 

presence of central recirculating flow. Hence, higher temperature mixtures prevail within the 289 

IRZ. This aligns with flames characterised by the recirculation of burned gas documented by 290 

[37]. Increased NH3 mass fraction lowers the mixture reactivity which slows down fuel 291 

oxidation, causing the heat to build up and give rise to the local temperature as seen in Figure 292 

4i, despite the overall lower mixture reactivity. This effect is augmented when CO2 is added to 293 

the fuel mixture (Figure 4b, f & j), where Tavg is elevated by a factor of averaging 1.22 when 294 

compared with the operation without CO2 (Figure 4a, e & i). Furthermore, the disparities in 295 

Tavg between C40N20, C40N40, and C40N60 are only marginal (~0.03), signifying that CO2 296 

is an effective heat absorbent agent at φ = 0.8 operation. Furthermore, higher CO2 molecular 297 

weight than CH4 and NH3 is also expected to decelerate the flow. As shown in Figure 5, the 298 

normalised velocity for C0N20 is constantly higher than that of C40N20. Increased mixture 299 

residential time scale consequently raises heat retention effect. Furthermore, CO2 addition also 300 

suppresses the primary chain branching reaction H + O2 → O + OH [38]. A comparatively high 301 

O2 concentration is, therefore, needed to advance the primary chain branching reaction H + O2 302 

→ O + OH, resulting in the peak Tavg for C40N20 to take place at a leaner operation than 303 

C0N20. It was reported that elevating the CO2 fraction in the CH4/air from 0% to 60% shifted 304 

its peak laminar flame speed (SL) from φ = 1.1 to φ = 1.0 [39]. This denotes that a 305 

comparatively high O2 concentration is essential in achieving the peak SL for the reactant doped 306 

with CO2.  307 

 308 
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 309 
Figure 4 Normalised flame temperature for (a) C0N20 and (b) C40N20 at φ = 0.8 combustions, 310 

(c) C0N20 and (d) C40N20 at φ = 1.1 combustions, (e) C0N40 and (f) C40N40 at φ = 0.8 311 

combustions, (g) C0N40 and (h) C40N40 at φ = 1.1 combustions, (i) C0N60 and (j) C40N60 312 

at φ = 0.8 combustions, (k) C0N60 and (l) C40N60 at φ = 1.1 combustions.  313 
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Figure 4 also shows that at φ = 1.1 and in the absence of CO2, the Tavg for C0N20 and 318 

C0N40 (Figure 4c & g) are higher than their operation at φ = 0.8 by ~0.1 (Figure 4a & e). This 319 

is likely due to the peak SL for neat methane taking place at about φ = 1.1 [28]. Excessive air 320 

supply at φ = 0.8 causes Tavg to decline by ~0.1. In other studies, the maximum SL for neat 321 

methane was found to be ~ 36 cm/s at φ = 1.05 and reduced by a factor of ~1.44 as φ lowered 322 

to 0.8 [28,40]. In contrast to C0N20 and C0N40, Tavg for C0N60 at φ = 1.1 is lower than that 323 

of φ = 0.8 by ~0.03 (Figure 4i & k). Unlike fuel-lean operation, air flow momentum is lowered 324 

at φ = 1.1. Weakened recirculating flow reduces the heat retention effect. This, along with the 325 

lowered mixture reactivity, results in the reduction of Tavg. For fuel mixture with CO2 added 326 

(Figure 4d, h & l), the Tavg is reduced by averaging 0.16 as the combustion progresses from φ 327 

= 0.8 into φ = 1.1. This is partly due to the O2 concentration in the air decreasing by a factor 328 

of ~1.38 from φ = 0.8 to 1.1, the presence of CO2 intensifies the suppression of the primary 329 

chain branching reaction H + O2 → O + OH. In addition to suppressing the primary chain 330 

branching reaction H + O2 → O + OH, elevated CO2 mass fraction also promotes the reaction 331 

H + O2 + M → HO2 + M that inhibits the formation of OH, O, and H radicals [41]. Together 332 

with the weakened heat retention at φ = 1.1, these lead to Tavg reduction by averaging 0.16. In 333 

a related study, it was shown that the disparities in SL between syngas mixture with 0% and 334 

34% CO2 increased from 40 cm/s at φ = 0.8 to 60 cm/s at φ = 1.1 [38], denoting that the diluent 335 

effect of CO2 is more pronounced at φ = 1.1 than φ = 0.8. Overall, increased NH3 mass fraction 336 

at the φ = 0.8 NH3/CH4 combustion raises the Tavg, due to the heat retention. This effect is 337 

intensified with the addition of CO2. Furthermore, the higher CO2 molecular weights, compared 338 

to CH4 and NH3, also affect the molecular transport and residence time scale, elevating the Tavg 339 

in NH3/biogas combustion by a factor of averaging 1.2 as compared to NH3/CH4. At φ = 1.1 340 

combustion where the heat retention effect is reduced, increased NH3 mass fraction in the 341 



21 
 

NH3/CH4 mixture results in a lower Tavg. In contrast to the φ = 0.8 operation, adding CO2 at φ 342 

= 1.1 combustion does not elevate Tavg. The Tavg for NH3/biogas is lowered by a factor of 343 

averaging 1.1 when compared with NH3/CH4. The reduction in O2 concentration is another 344 

reason that contributes to the lower NH3/biogas flame temperature at φ = 1.1 combustion.   345 

 346 

 347 
Figure 5 Normalised velocity for (a) C0N20, (b) C40N20 combustion at φ = 0.8, and (c) C0N20, 348 

(d) C40N20 combustion at φ = 1.1. Radial velocity profiles for C0N20 and C40N20 at (e) φ = 349 

0.8 and (f) φ = 1.1 combustion.  350 
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Turbulence-flame interactions were characterised using the Damköhler number (Da) in 353 

this study. Figure 6 shows the Da at different streamwise locations at h = 10 mm, unveiling 354 

that in the fuel-lean operations of φ = 0.8, the IRZ peak Da for C0N20 (~35.35) is notably 355 

higher than those of C30N20 (~21.39) and C40N20 (~15.55). Nonetheless, as the global 356 

equivalence ratio progresses to 1.1, the disparities in IRZ peak Da among fuel mixtures are not 357 

illustrious. The peak Da for C30N20 increased from ~21.39 (φ = 0.8) to ~ 36 (φ = 1.1), and 358 

the peak Da for C40N20 increased from ~15.55 (φ = 0.8) to ~30 (φ = 1.1). Of which, the Da 359 

profiles for C0N20 and C30N20 practically overlap with one another. A similar trend is also 360 

seen in the HFMR, whereas in the fuel-lean combustion, the Da for C30N20 (Da ~3.1) and 361 

C40N20 (Da ~1.78) are lower than that of C0N20 (Da ~5.28). Conversely, the Da for all fuel 362 

mixtures in the fuel-rich combustion overlays in the HMFR, with an average Da of ~3.3. The 363 

HMFR Da for C0N20 is reduced by ~1.98 while the HMFR Da for C40N20 is increased by 364 

~1.52 when the combustion progresses from φ = 0.8 to 1.1.  365 

The present study unveils that the variation in local Da is more sensitive to the increase 366 

in the global equivalence ratio when CO2 is added to the NH3/CH4 mixture. The relatively large 367 

Da disparities between C0N20, C30N20, and C40N20 are practically diminished as the global 368 

equivalence ratio is raised from 0.8 to 1.1 (Figure 6). A similar trend is also observed for the 369 

mixture with 40 wt.% NH3. This is likely due to the increase in the length scale of the flame. 370 

The molecular weight of CO2 is 2.74 and 2.58 times higher than those of CH4 and NH3, 371 

respectively. A considerably higher CO2 molecular weight causes it to diffuse slower as 372 

compared to CH4 and NH3, especially at φ = 1.1 where the normalised flow velocity is reduced 373 

by ~0.15 as seen in Figure 5. Increased length scales of the flow are reflected in Figure 5, where 374 

the reacting flow field for the C40 mixture at φ = 1.1 shows visibly lower velocity in the HMFR 375 

and IRZ as compared to the C0 mixture at φ = 1.1. It was shown in a numerical study involving 376 

turbulent premixed combustion that the Da was elevated from 0.3 to 0.71 when the turbulent 377 
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Reynolds number was reduced by a factor of 2.5 from 208 to 82 (corresponding to a reduction 378 

in u’/SL from 10 to 4) [42]. In another study, the Da was escalated from 0.27 to 2.63 as u’/SL 379 

was reduced from 10 to 1 when the ratio between turbulent length scale and flame thickness 380 

was kept at 2.63 [43]. A similar trend was also observed when the ratio between the turbulent 381 

length scale and flame thickness was increased to 5.25, whereas the Da increased from 0.53 to 382 

5.3 as u’/SL reduced from 10 to 1 [43]. Overall, in the absence of CO2, the changes in local Da 383 

are only marginal when the global equivalence ratio is increased from 0.8 to 1.1. Conversely, 384 

with the presence of CO2, the increase in local Da is more prominent for the same variation in 385 

the global equivalence ratio, indicating the distinct impact of CO2 on local flame-turbulence 386 

interactions at φ = 1.1.  387 

 388 

 389 

 390 
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 391 
Figure 6 Variations of Da across streamwise location at h = 10 mm for (a) φ = 0.8 (b) φ =1.1 392 

for N20 fuel mixtures, and (c) φ = 0.8 (d) φ =1.1 for N40 fuel mixtures.  393 
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Figure 7 shows that increased NH3 mass fraction generally gives rise to the global NO 396 

emission index (EINO), whereas NH3/biogas typically results in notably higher EINO than 397 

NH3/CH4 from φ = 0.9 to 1.1. At φ = 0.8, however, EINO produced by NH3/biogas combustions 398 

are lower than that of NH3/CH4 by averaging 2.5 times (Figure 7b & c). As shown in Figure 8, 399 

N + OH → NO + H and H + HCNO → CH2 + NO are two prominent reactions that lead to the 400 

NO formation, regardless of the variation in φ and fuel compositions. The N + OH → NO + H 401 

was also reported to be dominant, especially at near stoichiometric combustion by an early 402 

study [44]. The formation of nitrogen atoms at near stoichiometric conditions can be due to the 403 

dissociation of N2 at high temperatures. Likewise, OH is produced at near stoichiometric via 404 

the thermal decomposition of water vapour (H₂O) and CO2 through H + H2O → OH + H2 and 405 

H + CO2 → CO + OH, respectively. HCNO (Isocyanic acid) is present due to the combustion 406 

of CH₄ and CO2 in nitrogen-rich conditions that prompts the formation of HCN (Hydrogen 407 

Cyanide). HCN reacts with OH to form HCNO through the reaction HCN + OH → HCNO + 408 

H. As depicted in Figure 8d, C40N40 exhibits a noticeable increase in N + OH → NO + H and 409 

H + HCNO → CH2 + NO reactions when compared with C0N40, C40N20, and C0N20. A 410 

plausible reason is that increased CO2 composition leads to a higher Tavg as illustrated in Figure 411 

4f & h, thereby intensifying the N + OH → NO + H and H + HCNO → CH2 + NO reactions. 412 

When NH3 mass fraction is increased to 60%, N + OH → NO + H and H + HCNO → 413 

CH2 + NO remain the predominant pathways of producing NO. Other reaction pathways such 414 

as NH + O → NO + H, and HNO + H → NO + H2 also emerge as important routes in producing 415 

the NO. Nonetheless, the NO formation via HNO (i.e. NH3 → NH2 → NH → HNO → NO) is 416 

not prevalent yet in φ = 0.8-1.1, it is expected to be more influential at a leaner operation such 417 

as φ = 0.65 as observed by [20]. As the global equivalence ratio marches into 1.1, the EINO for 418 

all fuel mixtures shows decreasing trends, primarily because of the reduction in the O2 supply. 419 

Nevertheless, N + OH → NO + H and H + HCNO → CH2 + NO remain the predominant 420 
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reactions that produce the NO, whereas N + NO → N2 + O rests as the principal NO 421 

consumption route. Figure 7 also shows that the N2O emission index (EIN2O) is generally 422 

increased as the mass fraction of NH3 is raised from 20% to 60%. In low NH3 combustion 423 

(Figure 7d), the disparities in EIN2O between NH3/biogas and NH3/CH4 are distinct. In the high 424 

NH3 combustion (Figure 7f), however, the disparities in EIN2O between NH3/biogas and 425 

NH3/CH4 are not obvious. As shown in Figure 9, N2O is mainly produced via NO consumption 426 

route NH + NO → N2O + H. When the NH3 mass fraction is increased, a higher NO 427 

concentration promotes the production of N2O. Overall, EIN2O decreases with the increase in 428 

the global equivalence ratio. The EIN2O for C40N20 is ~0.035 g/kg at φ = 0.8 and reduced to 429 

~0.025 g/kg at φ = 1.1. A similar trend was also reported by Zhang et al. [45] where the N2O 430 

emissions from the combustion NH3/CH4 with 30 vol.% CH4 reduced by ~60 ppm as φ 431 

increased from 0.6 to 1.2 [45]. The N2O is mostly consumed by N2O + H → N2 + OH and N2O 432 

+ H → NNH + O. 433 
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 434 
Figure 7 EINO for fuel mixtures with (a) 20 wt.% NH3, (b) 40 wt.% NH3, and (c) 60 wt.% NH3 435 

as global equivalence ratio varied from 0.8 – 1.1. EIN2O for fuel mixtures with (d) 20 wt.% NH3, 436 
(e) 40 wt.% NH3, and (f) 60 wt.% NH3 as global equivalence ratio varied from 0.8 – 1.1.   437 
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 441 
Figure 8 NO Rate of Production in the flame zone for (a) C0N20, (b) C40N20, (c) C0N40, (d) 442 

C40N40, (e) C0N60, (f) C40N60 at φ = 0.8, and φ = 1.1.  443 
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 444 
Figure 9 N2O Rate of Production in the flame zone for (a) C0N20, (b) C40N20, (c) C0N40, (d) 445 

C40N40, (e) C0N60, (f) C40N60 at φ = 0.8, and φ = 1.1. 446 

 447 

NH+NON
2
O+H

N
2
O(+M)N

2
+O(+M)

NNH+ON
2
O+H

N
2
O+HN

2
+OH

NH+NON
2
O+H

N
2
O(+M)N

2
+O(+M)

NNH+ON
2
O+H

N
2
O+HN

2
+OH

NH+NON
2
O+H

N
2
O(+M)N

2
+O(+M)

NNH+ON
2
O+H

N
2
O+HN

2
+OH

C0N20 C40N20

C0N40 C40N40

C0N60 C40N60

(a) (b)

(c) (d)

(e) (f)

 ER1.1

 ER0.8

-1.0 -0.5 0.0 0.5 1.0

x10
-7

x10
-7

-1.0 -0.5 0.0 0.5 1.0



30 
 

4.0 Conclusions 448 

The swirl combustion of NH3/biogas was examined at a global equivalence ratio of 0.8 449 

– 1.1 via a numerical approach. Increasing NH3 wt.% in NH3/CH4 combustion at φ = 0.8 450 

elevated the Tavg because of the heat retention. It was augmented by CO2 addition, raising the 451 

Tavg in NH3/biogas combustion by a factor of averaging 1.2 as compared to NH3/CH4. At φ = 452 

1.1, heat retention was weakened, and higher NH3 mass fractions in NH3/CH4 turnout lower 453 

the Tavg. Unlike φ = 0.8, adding CO2 at φ = 1.1 lowered Tavg in NH3/biogas combustion by a 454 

factor of averaging 1.1 when compared with NH3/CH4. Furthermore, CO2 also had a 455 

considerable influence on local flame-turbulence interactions at φ = 1.1, as evidenced by a 456 

notable rise in local Da for the same change in the global equivalence ratio. In the absence of 457 

CO2, the changes in local Da were only minor when the global equivalence ratio was increased 458 

from 0.8 to 1.1. NO emission was mainly produced via N + OH → NO + H and H + HCNO → 459 

CH2 + NO. NH3/biogas produced a higher EINO than NH3/CH4 from φ = 0.9 to 1.1, whereas 460 

escalated NH3 wt.% generally prompted the NO formation. EINO decreased as φ approached 461 

1.1, due to reduced O2 supply. N2O was mostly produced via NH + NO → N2O + H. The 462 

NH3/biogas combustion produced noticeably more EIN2O than NH3/CH4 at low NH3 operation, 463 

but the disparity was not distinct at high NH3 combustion. The fuel-lean NH3/biogas 464 

combustion at φ = 0.8 presents a viable approach to lowering EINO compared to NH3/CH4 465 

combustion, where EINO was reduced by a factor of averaging 1.2 in the 60 wt.% NH3 operation.  466 

 467 
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