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A B S T R A C T   

Ammonia/methane flames gained significant attention since this is a probable step toward a sustainable, carbon- 
free economy in the near future. Therefore, three such flames were numerically and experimentally investigated 
in a swirl burner, focusing on robust modeling methods to facilitate the spreading of ammonia combustion in the 
industry. Chemistry was considered by the mechanism of Okafor and employed through the Flamelet Generated 
Manifold model. Both Particle Image Velocimetry and OH* measurements confirmed the appropriateness of the 
numerical model in all cases. It was demonstrated that the modeling approaches are applicable at both near 
stoichiometric conditions and close to the flammability limit of ammonia. The comparison of steady-state and the 
mean unsteady results implied that the steady calculations are appropriate only for the chemical conversion and 
fall behind in flow field modeling. The Root Mean Square velocity was identical up to the reaction zone for all 
cases, while its value decreased with the increase of ammonia concentration. The CO emission matched 
underpredicted experiments by a magnitude; however, the concentration was very low. Regarding the NOx 
emission, the CFD underpredicted it by a factor of two.   

1. Introduction 

Ammonia is an excellent energy carrier since it is carbon-free, sulfur- 
free, and significantly easier to handle than either liquefied or pressur
ized hydrogen while having a higher calorific value per both mass and 
volume than that [1]. Consequently, NH3 is a highly prospective alter
native fuel [2]. A critical advantage of NH3 over H2 is the easier long- 
term storage and lower susceptibility to leakages due to its larger mo
lecular size [3]. The presence of nitrogen in the fuel is problematic from 
a NOx emission point of view, which can be mitigated by CH4 [4] or H2 
dilution [5] through the extension of the flammability range of pure 
NH3, which is equivalence ratio, ϕ, of 0.7–1.3 under atmospheric con
ditions [6]. The present paper aims to robustly model CH4/NH3 com
bustion in a swirl burner, which is widely used in utility boilers, 
industrial furnaces, and gas turbines [7]. The numerical results were 
validated by Particle Image Velocimetry, PIV, and OH* chem
iluminescence measurements. 

Enabling robust calculations in computational fluid dynamics, CFD, 
software greatly facilitates the spreading NH3 utilization in the industry. 
Sun et al. [8] analyzed a swirl burner fueled by NH3/H2 mixtures with a 

Reynolds-Averaged Navier Stokes, RANS, simulation, using the re- 
Normalization Group, RNG, k-ε viscosity model. Combustion was 
modeled by the Eddy Dissipation Concept, EDC, using a simplified 
model of Okafor et al. [9] by eliminating the hydrocarbon reactions, 
ending up with 19 species and 63 reactions. To reduce the computa
tional demand, swirl vanes were considered only through the boundary 
conditions. Even though the match in hydrodynamics is good, chemistry 
needs advanced approaches, as highlighted in [10]. Wei et al. [11] 
performed a Large Eddy Simulation, LES, on a swirl burner, including 
the swirler, using the mechanism of Xiao et al. [12] with 31 species and 
243 reactions. Chemistry was considered via a dynamic thickened flame 
model in the OpenFOAM software environment. The validation by PIV 
and OH-Planar Laser-Induced Fluorescence showed an excellent agree
ment. The mesh size was about five million cells, and solving the 
problem needed 120,000 processor hours per case [13]. A further crit
ical advantage of this model is the capability of fairly simulating the lean 
blowout behavior of the flame [14]. The combination of LES with 
flamelet-generated manifold, FGM, also provides excellent agreement 
with experiments [15]. The critical advantage of the FGM method is that 
the chemistry is simplified into two variables: the mean mixture fraction 
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and the progress variable, resulting in a massive reduction of the 
computational demand. This is the reason why this approach was 
selected for the present study. 

The use of LES and a few million cells do not ultimately lead to 
appropriate numerical results. Franco et al. [16] investigated an NH3/H2 
flame both experimentally and numerically, using a flamelet model and 
the mechanism of Glarborg et al. [17]. The comparison of numerical and 
experimental results was not explicitly presented, while there is more 
than a 300 ◦C temperature difference between them in the intense re
action zone, projecting discrepancies in heat release rate modeling. The 
temperature measurement was burdened with 8 % uncertainty using a 
PtRh-Pt thermocouple. 

The advantage of the NH3/CH4 fuel mixture is that the two reaction 
pathways are weakly connected [18]. Mikulćič et al. [19] modeled NH3/ 
CH4-air combustion in the AVL Fire software environment. Their final 
mesh size was 155,436 cells, which enables computationally cheap 
simulations using the mechanisms of Okafor et al. [9] (42 species, 130 
reactions), Konnov et al. [20] (51 species, 420 reactions), and the San 
Diego group [21] (68 species and 330 reactions). The viscous model was 
the k-ε, and chemistry was considered via the General Gas Phase Re
actions model. The swirler was modeled via the boundary conditions, 
and the geometry of [22] was used. The validation was performed via 
concentrations of various species in the flue gas with a reasonable 
agreement in NO under rich conditions, while that of lean combustion 
was overestimated by a factor of two. Overall, the three mechanisms 
behaved similarly for O2, CO2, and CO. M. O. V. Zuniga et al. [23] used 
the Okafor mechanism [9] in a swirl combustor to simulate ammonia/ 
hydrogen blends by RANS with periodicity, which could bias the nu
merical results for the 3D flow structures, typical in swirl burners. 
Otherwise, the results were validated only with emission measurement, 
where the model overpredicted the NO emission. At the same time, the 
flow field agreed with the PIV data only in one case under cold 
conditions. 

Ammonia contains a single nitrogen atom in each molecule, meaning 
the inevitable presence of fuel-bonded nitrogen. Consequently, NO and 
NO2 form more easily during oxidation than from the atmospheric N2, 
which is especially critical in gas turbines [24]. Another nitrogen oxide 
is N2O, which has 273 times higher global warming potential, GWP, 
than CO2 over 100 years [25]. Therefore, N2O emissions will also be 
critically evaluated. If the combustion temperature is sufficiently high, 
N2O will be converted to NO [26], which is not listed as a gas with global 
warming potential. However, its adverse effect on human health and the 
environment should be taken seriously. 

The novelty of this paper is the numerical analysis of CH4/NH3 flame 
near the lean flammability limit of NH3, using FGM for reaction 
modeling in CFD. A further non-trivial part of the numerical analysis is 
comparing and evaluating unsteady and steady simulations since this 
simplification cannot generally be made for swirl burners. The numer
ical results were validated by PIV and OH* measurements. Then the 
chemical conversion along the axis is presented, focusing on the tran
sient characteristics. Finally, the measured and simulated pollutant 
emissions were compared. 

2. Materials and methods 

This section is divided into two parts. The first one presents the 
experimental setup, including the burner, the test conditions, flame 
imaging, and the PIV and OH* measurements. Secondly, the numerical 
setup is detailed, focusing on the governing equations, the models, the 
mesh, and the boundary conditions. 

2.1. Experimental setup 

2.1.1. Swirl flame burner 
An atmospheric swirl flame burner is used to establish the ammonia- 

methane premixed flames. The burner is made of stainless steel, while 

the combustor wall is a square-shaped quartz chamber of 80 × 80 × 200 
mm, as shown in Fig. 1. The quartz chamber allows optical access for 
flame visualization and non-intrusive laser diagnostics. An axial swirler 
is located at the burner outlet concentric to the combustor wall. The 
swirler comprises eight straight guide vanes of 1.5 mm in thickness 
located at 45◦ from the centerline axis. The inner and outer diameters of 
the annular channel containing the swirl vanes were 21 and 38.6 mm, 
respectively. The swirling intensity of the flow is estimated via the 
geometric swirl number equation of 

SN =
2
3

[
1 − (Dh/Ds)

3

1 − (Dh/Ds)
2

]

tanθ, (1)  

where Dh and Ds are the diameter of the swirler hub and swirler, 
respectively, while θ is the angle between the swirler vane and center
line axis. The geometric swirl number was 0.77, which is sufficiently 
strong to produce a high swirl intensity flow (SN > 0.6). Fig. 1 shows the 
schematic of the swirl flame burner and the flow delivery system. The air 
and fuel flows are regulated by the mass flow controllers [Sevenstar 
series: air and methane (model CS230) and ammonia (model CS200)] 
with an accuracy of ±1.0 % of the full scale. Due to the corrosive nature 
of ammonia, a PTFE tube was used to deliver ammonia to the burner 
plenum for mixing with air and methane. The well-premixed fuel/air 
exits the burner outlet through the swirler to be combusted and stabi
lized by the bluff body of the swirler hub at atmospheric conditions. The 
ammonia and methane used to have a purity of 99.999 % and 99.99 %, 
respectively. The fuels were mixed before the burner inlet, and fuel and 
air streams were introduced to the center of a cylinder with an 80 mm 
inner diameter and 56 mm height. The cylinder upstream of the swirler 
was 42 mm in inner diameter and 343 mm in length. 

2.1.2. Operating conditions 
The premixed ammonia/methane/air flames were established under 

swirling conditions based on the operating conditions, as shown in 
Table 1. Three cases of varied NH3 and CH4 blend compositions were 
selected as test cases, denoted as Cases A, B, and C. The main swirling air 
flow supplied to the burner was kept constant for all three cases at 2.568 
g/s to provide similar cold flow conditions in all cases. Case A and B are 
supplied with different fuel blend compositions, consisting of 20 % NH3 
and 80 % CH4 by volume, while the latter is comprised of 50 % NH3 and 
50 % CH4. The different heating values of fuels result in different ther
mal power and global fuel–air equivalence ratio, ϕglobal. Case B has a 
similar ϕglobal and power output as case C, but the blend ratio of the fuels 
is different. Case B requires a higher mass flow of ammonia to level the 
flame thermal output than case C. Case A has a higher flame thermal 
output than case C despite the same fuel blend ratio, as the former has 
higher overall fuel input, which leads to a higher ϕglobal and thermal 
power output. All the cases are established at fuel-lean conditions to 
simulate the typical flames used in gas turbine combustors. 

2.1.3. Flame structure imaging 
The actual flame images were captured using a digital camera (SONY 

SLT-A35) with a resolution of 3568 × 2368 pixels. The camera was set 
with an aperture of f/2 and an exposure time of 1/25 s. To examine the 
heat release zone of the flames, an intensified CCD camera (LaVision, 
Imager SX 4M) coupled with a bandpass filter (Thorlabs, 308 nm ± 5 
nm) was utilized to capture the excited OH* chemiluminescence from 
the flames. The CCD camera has a resolution of 2360 × 1776 pixels, 
while the image intensifier (LaVision, IRO X) was set with a gain of 90 %, 
9 × 105 ns gate, and delay of 200 ns to amplify the signals. 150 image 
pairs were taken for each flame condition to obtain the average flame 
signals at 15 Hz repetition rate. The 2D average line-of-sight images 
were deconvoluted via Abel transformation to obtain the representative 
centerline planar flame structure. 
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2.1.4. Reacting flow field measurement 
The flow field within the swirl flame burner is investigated via a 2D 

low-speed PIV system (LaVision Flow Master 2D). The PIV system con
sists of a dual-head, double-pulse Nd:YAG laser (Litron) and a CCD 
camera (LaVision Imager SX). The laser pulse energy used was ~50 mJ/ 
pulse, generating a light sheet of 0.5 mm at 532 nm to illuminate the 
seeding particles (TiO2 with a mean diameter of 1 μm). The primary 
swirl air was split into two parts to enable the seeding of fine particles 
into the mixture. A fraction of air (~17 %) was bypassed to the solid 
particle generator (LaVision, Particle Blaster 110) to generate seeding 
for mixing with the bulk air and fuel at the burner plenum. The planar 
laser sheets reflect the signal from the particles captured by the CCD 
camera that is placed perpendicularly, as shown in Fig. 1. The lens of the 
camera (Nikkor lens 60 mm/F2.8) was installed with an optical band
pass filter centered at 532 nm to prevent saturation due to the strong 
flame luminosity. The acquired images were processed using the cross- 
correlation algorithm in the LaVision Davis software with an interro
gation window of 48 × 48 pixels with a 50 % overlap for the initial pass, 
followed by 32 × 32 pixels with a 50 % overlap for the cross-correlation 
procedure. The accuracy of the axial and radial velocity measurement is 
determined to be ±1.25 % full scale, based on the ratio of the nominal 
correlation peak value (0.1 pixels) to the maximum displacement 
permitted, which is 1/4 of the final interrogation window (32 × 32 
pixels) [27]. 

2.1.5. Post-combustion emissions measurement 
Measurement of the exhaust emissions of the flames was conducted 

via a gas analyzer (KANE 9206 Quintox) at the combustor outlet. The 
combustion tube has a length of 350 mm to allow for homogenous 
mixing of the post-combustion gases. The pollutant emissions of CO, NO, 
and NO2 are sampled using a tube with a diameter of 5 mm at the 

sampling rate of 2 L/min. The uncertainties of the measured values for 
the present operating conditions are ±5 ppm for CO and NO2 and ±5 % 
for NO. 

2.2. Theory and modeling 

2.2.1. Governing equations of turbulent flow 
This sub-subsection summarizes the governing equations of turbu

lent, compressible flow without considering reacting flow since the 
combustion model is detailed in Sub-subsection 2.2.2. The mass, mo
mentum, and energy conservations are described in Eqs. (2), (3), and 
(4), respectively. The derivation of these equations for reacting gas 
mixture can be found, e.g., in Ref. [28]. The conservation of mass by 
continuity equation according to Eq. (2): 

∂ρ
∂t

+∇(ρu) = 0, (2)  

where ρ is the density of the fluid, and u = u(u, v,w)
T is the continuous 

phase velocity of the gas mixture. Momentum conservation is considered 
through the Navier-Stokes equations: 

∂(ρu)
∂t

+∇(ρuu) = ρg − ∇p+∇τ, (3)  

where p is the static pressure, τ is the stress tensor, and g is the gravi
tational acceleration here. The energy equation in terms of the specific 
enthalpy: 

∂(ρh)
∂t

+∇(ρuh) − ∇

(
λ
cp

∇h
)

= ∇Jh, (4)  

where λ is the thermal conductivity of the gas, h is the specific enthalpy, 
cp is the specific heat capacity at constant pressure, Jh is the diffusion 
flux of enthalpy, and t is time. Furthermore, the ideal gas model was 
considered for the compressible flow: 

ρ =
pop + p

R
M̄ T

, (5)  

where R is the universal gas constant, pop is the operating (ambient) 
pressure, p is the overpressure, and M̄ is the average molar mass of the 

Fig. 1. Swirl burner and flow delivery system. All dimensions are in mm.  

Table 1 
Operating conditions of the premixed swirl flames of binary fuel blends.  

Case NH3:CH4 (v/v %) ṁair (g/s) ṁNH3 (g/s) ṁCH4 (g/s) ϕglobal Power (kW) 

A 20:80 2.586 0.034 0.128 0.93 7.04 
B 50:50 2.586 0.085 0.08 0.73 5.59 
C 20:80 2.586 0.027 0.103 0.74 5.63  
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mixture, which is calculated as: 

1
M̄

=
∑N

i=1

Yi

Mi
, (6)  

where Yi and Mi are the mass fractions and molar mass of the ith species 
for N species. 

2.2.2. Flamelet generated manifold (FGM) 
The combustion model was partially premixed with the C Equation 

[29], where the laminar flame speed is calculated from the 1D reaction 
mechanism through flamelets. Chemistry was considered by the non- 
adiabatic FGM model [10], which is equivalent to the 2D-FGM [15]. The 
FGM model assumes that the multi-dimensional turbulent flame is an 
ensemble of 1D laminar flamelets [30]. The built-in flamelet generator of 
the ANSYS Fluent software was used to create laminar flamelets in the 
physical space, which uses the premixed flamelet generator of ANSYS 
Chemkin-Pro. The governing equations are detailed in Sub-subsection 
2.2.1., which are supplemented with the balance equation of mass for 
the mixture species in Eq. (7). 

∂(ρYi)

∂t
+∇(ρuYi)+∇⋅

(
ρViYi

)
= ωi, i = 1, 2⋯N − 1, (7)  

where Vi, is the velocity, and ωi is the reaction rate. Note that Eq. (7) is 
solved for N-1 species since 

∑N
i=1Yi = 1. The equations of the reacting 

flow can be reformulated to the flamelet equations; more details can be 
found in [30]. The laminar flamelets are solved at different enthalpy 
levels to consider the heat loss via the combustion chamber walls during 
the FGM tabulation process. Hence the specific enthalpy should be 
considered as follows: 

hi = hi,ref +

∫T

Tref

cp,i(T
′

)dT ′, (8)  

where hi,ref is the enthalpy of formation at the reference temperature, 
which was 298.15 K during the flamelet calculations, representing the 
laboratory ambient temperature. cp,i is the specific heat capacity of the 
species i. During the flamelet generation, each flamelet was solved at 21 
enthalpy values at 32 mixture fraction levels. To retrieve the thermo
chemical variables during the 3D CFD calculation, the reaction progress 
variable (γ) is used as a control variable besides the enthalpy, which 
should be defined as the linear combinations of species mass fraction as 
a monotonic function: 

γ =
∑N

i=1
αiYi, (9)  

where αi coefficients are the weight factors, which are chosen arbitrarily 
to provide monotonicity for γ. In this study, αi = 0 for all species except 
αCO2 = αCO = 1. An automated grid refinement was used for the reac
tion progress generation, which is built-in into the software, creating 
102 points. The FGM is included in the CFD code by solving transport 
equations for the control variables. For the progress variable: 

∂(ργ)
∂t

+∇⋅(ρuγ) − ∇⋅
(

λ
cp

∇γ
)

= ∇⋅

[
λ
cp

∑N

i=1
αi

(
1

Lei
− 1

)

∇Yi

]

+ωγ, (10)  

where Lei is the Lewis numbers of the considered species, and ωγ is the 
progress variable source term defined by ωγ =

∑N
i=1αiωi. Similarly, the 

transport equation for the enthalpy: 

∂(ρh)
∂t

+∇⋅(ρuh) − ∇⋅
(

λ
cp

∇h
)

= ∇⋅(Dh∇γ), (11)  

where Dh is the preferential diffusion coefficient. For generating non- 

adiabatic 1D flamelets, the reduced mechanism of Okafor [9] was 
used with 42 species and 130 reaction steps. Since the partially- 
premixed model was applied, the mixture fraction was considered an 
additional control variable. The variances of the control variables were 
also solved. As the Okafor mechanism includes NO and NO2 reactions, 
no separate NOx formation model was needed. The mixture ignition was 
performed by patching the entire domain with a progress variable value 
of one. 

2.2.3. Thermal radiation modeling 
The discrete ordinates model, DO, was used to consider thermal ra

diation. DO solves the radiative transfer equation, which can be written 
in the form of Eq. (12) in the s→ direction [31]: 

∇(I( r→, s→) s→)+(α+ σs)I( r→, s→) =
αn2σT4

π +
σs

4π

∫4π

0

I( r→, s→
′

)ϕ( s→⋅ s→
′

)dΩ′,

(12)  

where, I( r→, s→) is the radiation intensity depending on the r→ position 
and s→ direction. α is the absorption coefficient of the medium, σs is the 
scattering coefficient, s is the path length, n is the refractive index of the 
medium, σ is the Stefan-Boltzmann constant, T is the local temperature, 
ϕ is the phase function, Ω′ is the solid angle, and s→ is the discrete di
rection which is associated with discrete solid angles. The model as
sumes a finite number of discrete angles that should be discretized. The 
octants of the angular space are discretized into the polar (θ) and the 
azimuthal (ϕ) control angles. Hence, their divisions determine the 
number of control angles, which was considered 2. The scattering co
efficient was not considered in our model, while for α the weighted-sum- 
of-grey-gases model was used. Furthermore, the refractive index of the 
medium was assumed to be unity. 

2.2.4. Numerical setup and procedure 
The numerical problem was entirely solved in ANSYS Fluent 2021 

R1. Hence the mesh was created in its mesh tool following the in
structions of [32], using the geometry of the burner, shown schemati
cally in Fig. 1. According to the mesh sensitivity analysis, the final mesh 
size was 374,051 cells, considering the temperature, velocity, pressure, 
and concentration distributions through various control lines passing 
high gradients. The final mesh is shown in Fig. 2. 

Both steady-state and transient simulations were performed and 
compared, detailed in Subsection 3.2. The convective Courant number 
was confined below 0.65 in the entire combustion chamber. The time 
step size of 10 µs with 10 inner iterations was applied, and a total time of 
0.1 s was simulated to have a developed flow. The unsteady calculations 
were preceded by steady-state ones, providing the initial conditions. 
Reynolds Averaged Navier-Stokes, RANS, simulations were carried out 
for the steady-state case with the k-ω SST turbulence model, while the 
unsteady RANS Scale Adaptive Simulation turbulence model was used 
during the transient simulations. 

Fig. 2. Volumetric mesh of the swirl burner and the combustion chamber.  
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Regarding the material properties, the ideal gas law was applied for 
the density, while temperature-dependent thermal conductivity and 
dynamic viscosity of air were used for the mixture. Furthermore, 
temperature-dependent specific heat was estimated via a simple mixing 
law rule. The boundary conditions are presented in Table 2, while the 
mass flow rates of the investigated cases were adopted from Table 1. The 
wall thermal boundary conditions were treated as mixed-type, so both 
the convection and radiation were considered; furthermore, the thermal 
conductivity of the walls was also considered. 

The pressure-based solver was used with a second-order interpola
tion scheme with the SIMPLE pressure interpolation algorithm for 
velocity–pressure coupling, while a bounded central differencing 
scheme was applied for the momentum equation and a bounded second- 
order implicit scheme for temporal discretization. For the rest of the 
equations, second-order schemes were used, summarized in Table 3. 

3. Results and discussion 

Firstly, this section begins validating the numerical model via flame 
images, OH* images, and PIV measurements. Subsection 3.2 compares 
the steady-state and time-averaged results to evaluate the appropriate
ness of generally used steady simulations. Note that the presented nu
merical results outside this subsection originated from unsteady 
calculations unless stated otherwise. Thirdly, characteristic species are 
evaluated through the combustion chamber axis, while Subsection 3.4 
focuses on the flow field. Finally, pollutant formation was compared 
with measurement data in Subsection 3.5. 

3.1. Validation 

Flame images and simulated temperature distribution of all three 
cases are shown in Fig. 3, highlighting the V-shaped flame, characteristic 
of swirling combustion. The least luminous flame was observed in Case 
B. The luminosity in Case C was higher due to the increased CH4 share in 
the mixture, which has increased flame speed [6] and features strong CH 
emission at 431 nm [36], making the flame bluer. The most luminous 
flame was observed in Case A, where the same fuel mixture was used as 
in Case C, while the thermal power was increased. Therefore, the intense 
reaction zone is the longest in Case B due to the lower reactivity of the 
NH3, which is discussed next. 

Table 2 
Boundary conditions.  

BC type Value 

Flue gas pressure outlet gauge pressure [Pa] 0 
Operating pressure [Pa] 101,325 

Heat transfer coefficient for the mixing tube wall [W/m2 K] [33] 9.7 
Heat transfer coefficient for the combustion chamber wall [W/m2 K]  

[33] 
13.44 

Ambient temperature [◦C] 25 
Emissivity for steel tube [–] [34] 0.5 

Emissivity for fused silica combustion chamber [–] [35] 0.75 
Other walls adiabatic  

Table 3 
Spatial discretization schemes.  

Scalar equation Discretization scheme 

Density 

Second-order upwind 

Turbulent kinetic energy 
Specific dissipation rate 

Energy 
Discrete ordinates 
Progress variable 

Mean mixture fraction 
Progress variable variance 
Mixture fraction variance  

Fig. 3. Flame image (top) and mean temperature distribution (bottom).  

Fig. 4. Measured OH* intensity after Abel transformation (top) and mean OH 
mass fraction distribution by CFD (bottom). 
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Fig. 4 shows the measured OH* and simulated OH mass fraction 
distribution in an 80 × 40 mm2 window at the bottom of the combustion 
chamber. Note that the system is only capable of measuring the excited 
OH, OH*, which is mostly generated via the following two routes [37]:  

CH + O2 → CO + OH*,                                                                (R1)  

H + O + M → OH*+M.                                                                (R2) 

Reaction (1) has a higher probability if the CH4 concentration is 
higher, while (R2) is independent of the fuel type, but it is a trimolecular 
reaction with a lower probability under atmospheric conditions. This 
answers the significant intensity difference between Case B and the 
others. The difference between Case A and C is the equivalence ratio; the 
lower intensity was observed at lower ϕglobal. Case A also featured higher 
thermal power due to the increased fuel flow rate. Since the Okafor 
mechanism did not contain OH*, the OH distribution was compared 
with the measurement data with qualitatively consistent results to the 
measurement data. The difference originated from the fact that (R1) is a 
more likely reaction if the CH4 share is increased. Otherwise, the OH* 
and OH distributions are similar. The intense heat release is present in a 

larger volume in Case A, while the peaks of Cases B and C are located 
closer to the walls at the tip of the stems of V. 

The vector field of each case is presented in Fig. 5, up to 80 mm in the 
combustion chamber, comparing the results of the PIV measurements 
and CFD. The inner and outer recirculation zones can be found at the 
same position for the measurements and CFD results in each case. The 
same characteristics and magnitudes were observed in [14] by PIV and 
LES. 

Fig. 5. Measured (top) and calculated mean 2D velocity vector field 
CFD (bottom). 

Fig. 6. Axial (left) and radial (right) velocity components along the x-axis at 
different heights for Case A. Note the maximum values in each plot. 
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The quantitative validation of the axial and radial velocity compo
nents can be seen in Figs. 6–8 for each case at different heights from the 
burner tip up to 40 mm along the x-axis. At all heights, the data were 
divided by the maxima, a common practice for CFD-PIV comparison 

[38,39]. The CFD results are symmetric, while the measurements show 
an asymmetric profile, probably caused by the imperfect geometry and 
uneven seeder particle distribution. After 20 mm, the values at the inner 
recirculation zone are smaller in the case of PIV, caused by the lower 
particle density. This phenomenon can be recognized in the case of the 
radial component as well, where most velocity values are smaller than 1 
m/s, comparable to the uncertainty of the technique. Otherwise, the 
match is acceptable for all cases. 

3.2. Steady vs. unsteady results 

Turbulent combustion simulation generally requires transient 
formulation [10], while some researchers prefer steady-state 

Fig. 7. Axial (left) and radial (right) velocity components along the x-axis at 
different heights for Case B. Note the maximum values in each plot. 

Fig. 8. Axial (left) and radial (right) velocity components along the x-axis at 
different heights for Case C. Note the maximum values in each plot. 
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calculations without verifications [40,41]. The inevitable advantage of 
this simplification is that a relatively high number of cells can be used 
with detailed chemistry at a low computational cost. However, proper 
control is mandatory. Therefore, this section compares the steady-state 
and the mean unsteady results of Case B. 

Fig. 9 shows CO2 and H2O concentrations and the temperature pro
file in the combustion chamber. The results imply that the unsteady 
time-averaged and the steady cases match. Furthermore, the pollutants 
also match the outlet detailed in Table 4. Although the surface-averaged 
values perfectly agree, the radial distributions show slight differences, as 
shown in Fig. 10. The velocity peaks nearly match; however, the inner 
recirculation zone is underestimated near the tip of the mixing tube 
while overestimated towards the outlet. The distribution matches the 
temperature profile, while the values are higher in the inner zone and 
decay to the same values after 150 mm. In conclusion, the average 
values on the axial surfaces will not differ in the steady-state simulation 
cases, meaning that this simplification is helpful in calculating average 
profiles and general chemical conversion. However, if the reaction zone 
and the flow field are of primary importance, unsteady calculations are 
essential. 

3.3. Reaction zone characteristics 

Fig. 11 shows the integrated mass-weighted averages on axial sur
faces with the Root Mean Square, RMS, values of the temperature. The 
earliest ignition occurs in Case A, followed by Case C. The difference can 
be explained by the lower equivalence ratio in Case C, while the higher 
thermal power causes the larger temperature peak. The slower heat 
release in Case B is due to the lower reactivity of NH3 compared to CH4. 
The intense reaction zone is confined to the positive temperature 

Fig. 9. Steady-state and mean unsteady products and temperature profile along 
the combustion chamber axis. 

Table 4 
Steady and unsteady averaged emission at the outlet in ppm at 15 % O2 in the 
dry flue gas.  

Cases Steady-state Transient 

CO 7.787 7.797 
NO 2260 2260 
NO2 3.351 3.351  

Fig. 10. Steady and mean unsteady velocity and temperature profiles along the 
x-axis at various downstream distances. 

Fig. 11. Mean and RMS temperature profiles along the combustion chamber.  
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gradient zone, while most heat is released by the temperature peak [42]. 
After this point, the temperature decreases due to heat loss. The RMS 
values also start to increase from this point due to the vortex structures 
and the inhomogeneous heat release on planes perpendicular to the flow 
direction, as shown in Subsection 3.4. The RMS values along the com
bustion chamber similarly increase in all cases, while that of Case B is 
smaller due to the longer reaction zone. Measured from the temperature 
peak, all trends match. 

The consumption of the reactants and the formation of final products 
can be seen in Fig. 12. The N2O was added and multiplied by its GWP. It 
was only present in the reaction zone as an intermediate product and 
consumed by the end of the flame. The N2O concentration was the 
highest in Case B due to the higher NH3 concentration, which increased 
with the equivalence ratio. The appearance of CO2 and H2O is located at 
z = 25 mm in all cases. The shortest intense reaction zone is 25 mm long 
in Case A due to the combined effect of increased thermal power and 
higher ϕ. 

The turbulent flame speed is presented in Fig. 13. Cases A and C are 
qualitatively similar, and the different thermal power causes the quan
titative difference. Despite the different fuel compositions, the 
maximum turbulent flame speed is the same in Cases B and C. The non- 

Fig. 12. Mean profile of O2, NH3, CH4, CO2, H2O, and N2O in the combustion 
chamber. Note that the legend is shared. 

Fig. 13. Mean turbulent flame speed distribution.  

Fig. 14. Mean velocity magnitude distribution.  
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zero turbulent flame speed towards the outlet shows that the reactions 
continue in the combustion chamber regardless that the majority of the 
heat release occurred up to 0.1 m, and there is no significant variation in 
the concentration of the most important species, as shown in Figs. 11 
and 12. Therefore, non-zero flame speed does not imply an intense re
action zone; slower reactions with small species concentrations can 
occur due to the high temperature. The higher flame speed values are 
confined to the bottom region since the main heat release occurs here, 
where the heat release is the most intense. The higher CH4 concentration 
increases the turbulent flame speed in line with [3]. 

3.4. Flow field 

The turbulent cold flow is greatly affected by the spatial and tem
poral characteristics of the chemical reactions. The mean velocity 
magnitude contains the typical inner and outer recirculation zones [43], 
as shown in Fig. 14. Case A shows higher velocities due to the higher 
thermal power, while Cases B and C match regardless of the different 
fuel compositions. The surface integral values along the combustion 
chamber are shown in Fig. 15, including the RMS values. Since the 
combustion air flow rate was identical for all cases, and the fuel flow rate 
was inferior up to the reaction zone, detailed in Fig. 12, the velocity 
trends are the same. The RMS values of Cases A and C are similar, 
especially downstream of the reaction zone, concluding that the fuel 
composition governs the velocity fluctuations. The 50 % NH3 content 
results in halved RMS velocity values. 

3.5. Pollutant emission 

Pollutant emissions significantly affect our environment and can also 
be used for validation. However, it enables only the comparison with 
measurement data at the outlet or within the flame, but the probe is an 
invasive sensor in this latter case. The former allows only the evaluation 
of the flue gas without providing information on the reactions. Since the 
validation of the flame structure was performed via PIV and OH* mea
surements, the CO, NO, and NO2 concentrations were compared only at 
the outlet. According to the European gas turbine emission standard 
[44], the results are recalculated to a dry flue gas at a 15 % O2 level. 

Fig. 16 presents the CO distribution in the combustion chamber. The 
highest value occurs in Case A, which burns out by the outlet. Thermal 
power is marginal here; the higher concentration in Case A results from 

the higher ϕglobal. Therefore, the V shape of Cases B and C is similar. 
Since the CO emission at the outlet is in the range of 10 ppm, practically 
complete combustion is present in all cases. 

The NO and NO2 production were presented in Figs. 17 and 18, 
concluding that NO2 formation is marginal; most nitrogen oxides are 
NO. The 1000 ppm range does not comply with standards [44], pre
senting the challenge of environmentally friendly NH3 combustion. NO 
emission does not scale linearly with the NH3 concentration in the fuel; 
even small NH3 shares lead to excessive emission levels in the currently 

Fig. 16. Mean CO distribution at 15% O2 in the dry flue gas. Note the log scale.  

Fig. 17. Mean NO distribution at 15% O2 in the dry flue gas. Note the log scale.  

Fig. 15. Mean and RMS velocity profile in the combustion chamber.  

D. Füzesi et al.                                                                                                                                                                                                                                   



Fuel 341 (2023) 127403

11

used burners. Obviously, the NO concentration increases with NH3 
share. 

The emission measurement was performed in a different combustion 
chamber geometry with a 120 × 120 mm2 base and 350 mm length. This 
variant was made of steel instead of glass. The calculations were per
formed in the steady state, following the results of Subsection 3.2, i.e., 
steady simulations are sufficient for checking the conversion globally. 
The mass-weighted average CFD results are shown in Table 5. CO was 
low in all cases, and the 80 % CH4 features halved total NOx production. 
NH3 of 2.5 % in CH4 leads to 1300 ppm emission [40], showing that the 
NO emission is a general problem in NH3 co-combustion, and its clean 
combustion is marginally affected by its concentration in the fuel. The 
flue gas measurements were performed only in Case C. The CO emission 
was missed by one magnitude; however, the absolute values are very 
low compared to the Hungarian standard in force for new gas turbine 
plants [45]. This pollutant is absent in the related European standard 
[44]. The NOx formation was underpredicted by a factor of two, unlike 
in [19,23]. The difference is probably caused by the richer conditions in 
the cited references. Also, in [46], where the numerical results of a two- 
element chemical reactor network model underpredicted the emission 
with similar order of magnitude, while overpredictions occurred with 
higher order models. Consequently, more work is needed on the NH3 
mechanisms that recently gained outstanding attention. 

4. Conclusions 

The combustion of three ammonia/methane blends was investigated 
by numerical simulations focusing on robust modeling of the reaction 
zone, the flow field, and the emissions. The main findings are the 
following:  

1. Using FGM with the mechanism of Okafor provided a good match 
with a relatively small mesh for all three NH3/CH4 blends in a tur
bulent swirl burner, validated PIV, OH*, and emission measure
ments. Since Case B and C were investigated near the lean 
flammability limit of NH3, the robustness of the model was 
presented.  

2. The steady-state and mean unsteady results were compared, 
concluding that steady approaches are usable only for characterizing 
the global chemical conversion. Otherwise, simulations benefit more 
from the transient formulation than they lose in simpler chemistry.  

3. The RMS of the temperature and the velocity magnitude along the 
axis showed that significant fluctuations occur after the reaction 
zone, while it is negligible before ignition.  

4. The NOx, CO, and N2O were evaluated along the combustion and at 
the outlet. The N2O was practically converted to NO by the outlet, 
while CO was low in each case compared to current pollutant 
emission regulations. NOx doubled with the increase of NH3 from 20 
% to 50 %. 
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