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ABSTRAC!T

The reduction of fossil fuel consumption is of great importance in achieving the targets
set forth in the Paris Agreement. One solution to reduce carbon emissions is the utilization of
renewable energy sources and alternative fuels, despite the variability that comes with them.
Energy storage and vectors are essential in overcoming variability and achieving a faster
transition to renewable sources. Ammonia is increasingly being used as an energy vector due
to its suitability for transport and utilization in existing combustion systems, even more so than
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hydrogen. Existing natural gas burners can be modified without extensive adaptations for
ammonia/methane mixtures and pure ammonia. To determine combustion parameters and
evaluate emission properties, a combination of computational fluid dynamics (CFD) and
experimental research is commonly used. This study focuses on generating laminar flame speed
and autoignition ammonia/methane mixture databases as input data for combustion CFD
modeling, employing LOGE™ software and developed methods with correlation functions.
Databases are used as lookup tables for autoignition criteria and laminar flame speed in 3D
CFD coherent flame model. Three-zone extended coherent flame model (ECFM-3Z) is used in
this study as a CFD combustion model. The generated databases are validated against
experimental data from premixed burner and shock tube experiments. A database for
autoignition was generated using non-dimensional constant pressure reactors and the San Diego
mechanism. The grid for the autoignition database is defined by five parameters: pressure,
temperature, equivalence ratio, exhaust gas recirculation, and ammonia/methane ratio. The
laminar flame speed database was generated with one-dimensional freely propagating reactors
and the same mechanism. Special attention and new developed modelling approach was given
to define appropriate correlation methods for unsuccessfully calculated data in unstable
regimes. Thus, the first CFD-ready lookup database (345k auto-ignition points—+ 18k
laminar-flame-speed points) for NHs/CHa4 blends is presented, enabling rapid yet accurate
decarbonisation studies.

KEYWORDS: Ammonia, Methane, Autoignition, Laminar Flame Speed, Combustion, CFD

1. INTRODUCTION

Reduction of fossil fuel consumption is crucial to achieve the Paris agreement targets.
Utilization of renewable energy sources (RES) emerges as a solution for the reduction of carbon
emissions, despite the RES variability. Energy storage and vectors are crucial to overcoming
variability and achieving a faster transition of renewable sources, with ammonia progressively
imposed as an energy vector more suitable for transport and utilization in existing combustion
systems than hydrogen. Existing natural gas burners can be modified without extensive
adaptations for ammonia/methane mixtures and even for pure ammonia. However, there are
drawbacks to its usage, mainly lower heating value, toxicity, and lower laminar flame speeds
[1]. Ammonia having a narrow flammability range makes it safer for transport and storage, but
it also has a strong influence on the combustion characteristics, which can, for instance, cause
slipping in gas turbines and high NO emissions [2]. To counter the above-mentioned drawbacks
and successfully use ammonia in gas turbines, engines, and industrial furnaces, various
techniques are proposed, including co-firing ammonia with an enhancing species (e.g. methane,
hydrogen, or even coal).

Utilization of ammonia in existing combustion systems is still impossible without
additional burner or injection system modification. That is why, in this work, the authors were
mainly focused on ammonia/methane blends applicable in existing combustion systems and
where methane flame helps achieve the stable flame regime of ammonia combustion. The
ammonia/methane blends are compromise solution in current energy transition, which
decreases the burnt methane, but also employs directly in existing natural gas combustion
systems.
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In terms of numerical investigation of ammonia properties and practical use in
combustion systems, great importance is put on developing quality chemical mechanisms that
can be used in simulations, not only burning pure ammonia but also, as mentioned, in a mixture
with other combustible species. The studies developing such mechanisms primarily focused on
reducing NOx emissions, mostly done in premixed flame setups [3]. These mainly fixated on
detecting flame intermediates or matching measured values of adiabatic flame speeds.

The first comprehensive ammonia oxidation model was developed by Miller et al. [4],
consisting of 98 reactions. Based on previous studies, Lindstedt et al. [S] developed a detailed
chemical kinetic model consisting of 95 reactions and 21 species. This model was able to
reproduce a wider range of temperatures and equivalence ratios. To enable the modelling of
ammonia oxidation with present hydrogen, CO, and methane, a detailed mechanism was
developed by Skreiberg et al. [5] with a total of 191 reactions. A mechanism consisting of 41
species and 250 reactions was proposed by Dagaut et al. [6]. This model put focus on the
kinetics of oxidation of hydrogen cyanide (HCN). A larger kinetic mechanism was then
proposed by Mével et al. [7], with 203 reactions and 32 species in an effort to describe
hydrogen-nitrous oxide delay times at high pressures. Coda Zabetta and Hupa [8] published a
mechanism intended for biomass combustion chemistry composed of 371 reactions and 60
species, but this mechanism could also be applied to ammonia oxidation and its blends with
methane, while Klippenstein et al. [9] focused on the thermochemistry and reactions of NNH
in NO formation. As mentioned earlier, premixed flames were the focus of various research,
and Tian et al. [10] studied 11 premixed NH3/CH4/O2/Ar flames and finally, based on the
research results, created and updated chemical mechanism consisting of 84 species and 703
elementary reactions. Finally, Mendiara and Glarborg [11] also updated an existing mechanism
in order to improve the description of the effect of high CO: concentration on ammonia
chemistry during methane oxidation ending up with the mechanism consisting of 97 species
and 779 elementary reactions.

Recent studies further emphasize ammonia/methane blends as a feasible pathway for
reducing emissions and stabilizing ammonia flames. Liu et al. [12] examined ammonia as a
marine fuel, identifying liquid ammonia's advantages in efficiency and NOx control. Jojka et al.
[13] investigated swirl flames, finding that, although internal recirculation zones stabilize
ammonia/methane flames, they also concentrate NO formation. Wei et al. [14] demonstrated
hydrogen's potential to improve flame speed and stability in ammonia blends, thereby reducing
extinction risks. Numerical and experimental works, such as those by Zhang et al. [15] and
Guiberti et al. [16], demonstrate swirl intensity's role in controlling NO emissions and the
viability of ammonia for carbon-neutral power systems. Okafor et al. [17] proved utility of
reduced-order models for simulating methane-ammonia combustion under gas turbine
conditions, achieving a balance between computational efficiency and accuracy. Very recent
studies have reiterated the need for fast-running but chemistry-rich CFD tools [13].

Detailed chemical mechanisms exist for NHs oxidation, but embedding these large
kinetics (tens of species, hundreds of reactions) directly into 3D CFD simulations is
prohibitively expensive. An effective solution is to precompute key combustion parameters —
such as laminar flame speeds and autoignition delay times — over a range of conditions and
store them in a look-up table that the CFD solver can query during runtime. By generating
tabulated chemistry that collapses 300+ species to two scalar look-up tables, we address



126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141

142

143
144
145

146
147
148
149
150
151
152
153
154
155
156
157
158
159

160
161

precisely this need. A comprehensive database of laminar flame speeds and autoignition delay
times for NHs/CHa mixtures across a wide range of pressures, temperatures, equivalence ratios,
and fuel blend fractions is presented. This CFD-ready database using the capabilities of San
Diego mechanism [18] that features 68 chemical species and 311 chemical reactions is
integrated into a three-zone Extended Coherent Flame Model (ECFM-3Z) as look-up tables,
enabling efficient simulations of ammonia/methane combustion. A novel correlation method is
introduced to handle conditions where direct kinetic calculations fail (unstable combustion
regimes), filling in missing data and ensuring a complete dataset. This approach enables the
efficient simulation of complex combustion dynamics under varied operating conditions. The
pre-generated databases enable accurate predictions of combustion characteristics, such as
flame stability, pollutant formation, and thermal performance, facilitating the integration of
ammonia/methane blends into industrial systems. To the authors’ knowledge no public
high-resolution chemistry database exists for CFD combustion of NHs/CHa, so this study fills
that gap. The accuracy of the tabulated results is confirmed by comparison with experimental
flame speed and ignition delay measurements, whilst the CFD simulation is run on the case of
experimental premixed swirl burner for which there are available measured data.

2. METHODOLOGY

For chemistry calculation, LOGEsoft™ software was used. The first section will
describe the methodology for the generation of an autoignition timing database, followed by
the laminar flame speed procedure.

2.1.Autoignition methodology

The chemistry solver calculations of 0D constant pressure reactors were defined with the
four-dimensional grid, where the parameters were temperature, pressure, equivalence ratio (¢),
and fuel fraction of CHs in NH3/CH4 mixture. The calculations were performed on perfectly
stirred reactors, where each combination of the four previously mentioned parameters was
calculated as a separate reactor.

The method for calculating the main ignition delay time and cool flame delay time is
based on a robust procedure that is regardless of the mechanism and type of fuel [19]. It
observes the temperature profile in time, stores its inflexion points, and is shown in Figure 1.
After the inflexion points are obtained, the time at the first inflexion point is set as cool flame
delay time, and the last inflexion point, before the achieved equilibrium state, is set as the main
ignition delay time. The second inflexion point (between the first and the last inflexion point)
is selected as the end timing (reset point) of specific cool flame heat release. Until that timing
(reset point), the specific cool flame heat release is obtained from the integrated heat release
curve in time (calculated from enthalpy curves).



162
163

164
165
166
167
168
169
170

171
172
173
174
175
176
177
178

179
180
181

182

2500 CF delay e

! Reset boint ] Not observed
250! ; nesel pon : (achieved equilibrium)
i E
2000 | i g
g : : ® Inflexion points
4 1750 | ) H
Fl N H
g Lo !
g Do !
£ 1500 P :
e P ]
‘ ' i
1250 | P ®
b
1000 - ;
b ¢ Main delay
e :
750 o
0 2 a 6 8 10 12
Time, [5]

Figure 1|  Autoignition calculation method

The raw calculated data were sorted in the eight-dimensional matrix, where the four
additional output parameters were autoignition timing, cold flame autoignition timing, released
heat, and heat released by cold flame. For the filling of the unsuccessfully calculated
autoignition timing points, A/G, correlation function from [20] was applied in pressure and
equivalence ratio directions:

a
AIG(p,,Y;) = AlGrer (=) (0)F (1)

where o and B are two tuning parameters that were calculated for each combination of the
temperature and fuel fraction. For the calculation of a and f parameters that have the lowest
disagreement with the raw calculated data, the nonlinear least-squares method was employed
with the Levenberg-Marquardt algorithm. Additionally, the algorithm was set to bisquare robust
regression. The algorithm is based on SciPy open-source package and its function
scipy.optimize.least squares. The objective function is defined as

Np,p

Fac = min Z [AIG; — AIG (p;, 9))]? (2)

i=1

where the objective function is approximated by the linearization in each iteration step. The ¢ is
changed with the estimation ¢ + &, and to determine § the following term has to be calculated:
0AIG (p;, @i

i ¢0) 3)

Fpi6 = AIG(p;, @; + 6) + )

As in the case of the laminar flame speed algorithm was set to bisquare robust regression.
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2.2.Laminar Flame Speed methodology

The raw calculated data from 1D flame reactors were sorted in the four-dimensional
matrix. The chemistry solver calculations were defined with the four-dimensional grid, the
same as in autoignition procedure. The calculations were performed on premixed freely
propagating reactors, where each combination of four parameters was calculated as a separate
reactor. The raw calculated data were sorted in the five-dimensional matrix, where the fifth
dimension is calculated as laminar flame speed.

Unsuccessfully calculated data were imputed with the correlation function for laminar
flame speed defined as the log-normal distribution for equivalence ratio and as the exponential
function for the pressure direction. The tuning equation has the following form [20]:

B 1 (ng —wW*\|/ v \f
S, 9) = S1, rer LWTE exp <— 257 )l <Pref> 4)

where pu and o are two tuning parameters that are calculated for each combination of the
temperature and EGR. For the calculation of pu and o parameters that have the lowest
disagreement with the raw computed data, the nonlinear least-squares method was employed
with the Levenberg-Marquardt algorithm and bisquare robust regression.

2.3.Computational Fluid Dynamics

Combustion model ECFM-3Z is based on an equation for flame surface density that
incorporates the impact of turbulent eddies on the wrinkling of the flame front surface. In the
ECFM-3Z model, all computational cells are split into three regions to describe non-premixed
combustion: unmixed fuel zone, mixed zone, and unmixed initial air zone [21]. The overall
state influences each zone within the computational cell. If the fuel is introduced into the system
and observed in a representative computational cell, initially only consisting of unburned and
unmixed air, the fuel occupies a finite amount of cell space after evaporation. During this stage,
it remains unmixed with the existing air, thereby creating two zones (unmixed and unburned
air and unmixed and unburned fuel). Subsequently, the fuel and air begin to mix within the
intermediate zone, giving rise to the third zone, which is mixed and unburned. At this point, the
mixed zone is prepared for monitoring the ignition criterion. Once the ignition criterion is met,
combustion initiates and propagates through the mixed zone, dividing it into two sub-zones: the
burnt and unburned mixed zone. The representation of gas state determines the fundamental
transport equations in the ECFM-3Z model through two properties: progress variable ¢ and the
mixture fraction Z. Additionally, transport equations for the following species are also solved
[20]: oxygen (O2), nitrogen (N2), nitrogen monoxide (NO), CO2, carbon monoxide (CO),
hydrogen (H2), H2O, hydrogen (H) and nitrogen (N) cation, oxygen (O), hydroxide (OH)
anions.

0/317}( aﬁﬁyx d (,Ll U ) BVX =
at + ox;  0x; Sc+Sct dx; 5k )
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t is the time variable, x; is the space coordinate,  is dynamic viscosity. Sc is Schmidt number,
and ¢ index indicates turbulent values. The turbulent Schmidt number is defined similarly,
incorporating both the turbulent momentum transfer (eddy viscosity) and the turbulent mass

transfer. Sy is the mass-specified source term of chemical species X and Yy is its average mass

fraction, which is defined as:

~ m,
he=— (©)

where m, is the average mass of species X, and m is the total mass inside a cell. The previously
defined general transport equation is divided to account for the burned and unburned subzones
of the computational cell when considering the fuel species.

aﬁYuF ap_ﬁiYuF d (ﬂ Ue > aYuF _z _ .
ot * 0x; B 0x; \ \Sc ~ Sc¢;/ 0x; + pSg ¢ + WyF — Wyop (7)
0PV | 0piYrr
ot axi
(8)

d [(u pe\0Yp z —
= — _ - | _S 1 - L L -

d0x; (Sc Sct> 0x; Sk ( €) + Dor + Dusp
This partition of the fuel species into the unburned ¥z, and burned ¥, is necessary to enable
the influence of both propagating and diffusion flames. The rate of gaseous fuel production,
resulting from phenomena such as the evaporation of liquid fuel droplets, is represented by the

symbol §F . This production rate is distributed between the burned and unburned sub-zones
based on the progress variable ¢. The progress variable is calculated based on the assumption
that the flame is an interface of infinitesimal thickness that separates the fresh gases from the

burned gases and is given in Equation (9), where Y is the fuel mass fraction before the start
of the combustion.

c=1-=- 9)
YTuF

The reaction rate at which the unburned fuel is consumed in propagating flame is represented
by the variable @y, and the rate on the opposite side represents the burned fuel oxidation in
diffusive flame. The rates of fuel consumption are influenced by the local flame surface density
and laminar flame velocity, and their calculations are outlined in the following section. In
situations where the local equivalence ratio is rich, the unburned sub-zone lacks sufficient
oxygen to completely consume all the unburned fuel. As a result, a portion of the unburned fuel
represented with the term @,,_,y, is transferred into the burned sub-zone through the source term.
Wyp 18 the source term due to the mixing process, which is defined as the turbulent properties
and partial fuel density.

Dup = —— (1= V) (10)
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where k is turbulent kinetic energy and ¢ is the rate of turbulent energy dissipation from the
turbulence model. Through the mixing turbulent time scale, turbulence interacts with the
development of the combustion process.

In ECFM-3Z, the fuel combustion rate per unit volume is defined as the product of flame
surface density and the local fluid velocity of the fuel/oxidizer mixture. The transport equation
of flame surface density, ), is defined as [21]:

ot axi B axi

ay ouwy 0 (1(;1C+Su_ctt>62

= — |+ (P +P,+P)Y,—D 11
- To)+ (Pt Pt RS (an
In the above equation, besides already defined convection, diffusion and unsteady terms, on
the right side of the equation, the following source terms are introduced.

P, = 16K, (12)

This property is flame surface production by turbulent stretch being net flame stretched, K;.

The second of the sink terms represents the flame surface production by mean flow dilatation
and is modelled as:

201,

2 = ga—xl

(13)

The last term in the section appearing next to the flame surface density, P3 describes the effects
of the flame expansion and curvature in the following manner:

2 1-c
P;==5, o (14)

3

The sink term in the equation is the destruction term due to fresh gas consumption defined by
the equation:
ZZ

D:SLl—C

(15)

where §mix is the source term due to the mixing process, which is defined as the turbulent
properties and partial fuel density.

mix —

& Yoy _

-———(1-7 (16)
k t PFu ( Fu)

where k is turbulent kinetic energy, and ¢ is the rate of turbulent energy dissipation from the

turbulence model. Through the mixing turbulent time scale, turbulence interacts with the

development of the combustion process.

@ur = PYurXS, (17

Within the ECFM-3Z combustion model, a straightforward methodology for ignition tracking
is employed, drawing inspiration from the approach commonly utilized for predicting knocking
in gasoline engines. This involves introducing a tracking intermediate species, denoted as I,
which is entirely hypothetical and solely serves to determine the initiation time of ignition
accurately. Initially, it was utilized exclusively to track the primary ignition. However, as
suggested from literature, this principle can also be extended to account for low-temperature
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ignition, thereby incorporating the simulation of cool flame phenomena. In the combustion
model, the intermediate species undergo temporal evolution based on the following equation:

\/sz +4(1 —Td);f— as)

F

apy, .
=Y,
at F Ta

2.3.1. NOx modelling in ECFM-3Z

In general, the most significant NO source in burner is thermal NO. One of the most
widely used NO models in combination with combustion models is the extended Zeldovich
mechanism:

k

N, + 0 < N+ NO (19)
k

N+ 0, < 0+ NO (20)
k

N+ OH & H + NO (21)

where k;, k,, k; are forward and backward reaction rates. For the extended Zeldovich
mechanism, the additional impact of O and N2 in the presence of hydrogen radicals is
considered. It is worth noting that all three reactions exhibit a strong temperature dependency,
where the change of NO concentration over time is given by:

chO
el kigcocn, + karcnco, + ksecnCon — kintnoCn — K2nCnoCo (22)

— K3pCNoCH

where ¢ denotes the concentration of indexed chemical species, while b and f denote backward
and forward reactions.

3. NUMERICAL SETUP

Experimental data was gathered from a premixed swirl burner characterized by a
geometric swirl number of 1.05, as shown in Error! Reference source not found.. This burner
is a component of the experimental setup located at Cardiff University's Gas Turbine Research
Centre. Within the combustion chamber, a premixed combination of ammonia, methane, and
air is introduced through a swirler, contained within a quartz tube that confines the flame.
Concentrations of NO, CO,, CO, and O, were measured at the exit of the quartz tube, with a
measurement error of approximately 5%. To conduct a grid dependency study, three structured
computational meshes were generated, offering different resolutions: 70,922 (coarse), 155,436
(medium), and 321,328 (fine) volumes. The reference indicated that the coarse mesh was
largely sufficient for most results, striking a favorable balance between accuracy and
computational demand.
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Figure2  Computational mesh
Table 1 presents simulated scenarios from the current study, where equivalence ratios ranged
from 0.81 to 1.24, maintaining a constant burner power of 44 kW. Notably, the flow rates of
ammonia and methane remained constant while the equivalence ratio was altered by adjusting
the oxidizing air, which are also stated in Table 1. For a comprehensive understanding of the

experimental setup, interested individuals are encouraged to refer to for further details [22].
Methane gas flow was 0.47 g/s.

Table 1 Operating points and inlet specifications
Equivalence ratio, - | Air mass flow, g/s | Ammonia mass flow, g/s
0.81 16.66 0.8
1.02 13.25 0.82
1.14 11.88 0.82
1.24 10.86 0.82

Employing a cylindrical form, the computational domain encompasses only the
combustion space, as depicted in Figure 2. A time step size of 0.5 milliseconds was chosen
because it consistently achieved a convergent solution within 100 iterations at each time step,
eliminating the need for additional sensitivity analysis. The momentum and continuity
equations utilized a central differencing scheme, while a simple upwind differencing scheme
was applied to the turbulence and energy equations.

The equivalence ratio, which compares the operational fuel/air ratio to the stoichiometric
fuel/air ratio, dictates the combustion state. Stoichiometric combustion occurs at a ratio of one,
while ratios less than one indicate fuel-lean conditions and ratios greater than one signify fuel-
rich conditions. Inlet velocities of 24.1, 19.88, 18.11, and 16.71 ms! for the
air/ammonia/methane mixture corresponded to equivalence ratios of 0.8, 1.02, 1.14, and 1.24
at an inlet temperature of 293 K. The wall temperature was set at a constant of 1,500 K [2], and

10
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a constant pressure boundary condition of 1 bar was imposed at the outlet. Convergence of the
solution was established when residuals in the transport equations decreased by four orders of
magnitude.

In Table 2 and Table 3 are given grid points for which autoignition and laminar flame
speed databases are calculated. The autoignition database resulted in the total number of
345,015 points and laminar flame speed in 18,000 points.

Table 2~ Autoignition points in database

AIG Temperature, Pressure, bar EQR, - EGR (YEGR), - Fuel Fraction
K (Yr), -
MIN MAX STEP MIN MAX STEP MIN MAX STEP MIN MAX STEP MINMAX STEP
41 11 17 9 5
600 1500 1 250 0.1 6 0 08 01 0 1 0.2

600 1200 25 1 5 4 01 02 01 O 08 0.1
12002000 50 5 10 5 0.2 0.8 0.2
10 50 10 08 1.2 0.1
50 250 50 12 2 0.2
2 6 1
Total number of points: 345015

Table 3 ~ Laminar flame speed points in database

SL T t Fuel Fracti Y
emp(;;'a S Pressure, bar EQR, - EGR (YEGR), - He rac- fon (Yr),
MINMAX STEP MINMAX STEP MINMAX STEP MINMAX STEP MIN MAX STEP
6 10 15 4 5
300 1250 1 300 02 5 0 06 02 0 1 0.2

300 500 200 1 5 4 02 08 02
500 750 250 5 10 5 0.8 12 0.1
750 900 150 10 20 10 12 2 0.2
900 1250 350 20 50 30 2 5 1
1250 1500 250 50 300 50
Total number of points: 18000

For the CFD simulation AVL Fire™ software was used. The calculation of the continuity
equation employed the central differencing scheme along with the AMG linear solver. For the
momentum's convective terms, discretization was achieved using the MINMOD scheme,
whereas the turbulence within the energy and combustion transport equations utilized an

11
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upwind scheme. Throughout this work, the convergence criterion for all variables was
determined by the normalized sum of absolute residual values, set at 107>,

4. RESULTS

In this section, autoignition timing results with San Diego mechanism are validated
against available experimental data for NH3/CH4 mixture [23], followed by laminar flame speed
validation against the experimental data from [24]. Finally, CFD results are presented.

4.1.Autoignition Results

In Figure 3-5, the calculated results are validated against experimental results of the
ignition delay times for 60% NH3 / 40% CH4 fuel blend under the initial pressure conditions of
2 and 5 atm, initial temperature between 1369 and 1804 K, and equivalence ratios of 0.5, 1 and
2. The agreement between experimental data and results is better for 5 atm and lower
temperatures throughout the air/fuel ratios. The highest discrepancy is achieved for higher
temperatures, where due to the cold flame ignition, some points have increased calculated
observed hot flame autoignition timing. The agreement with the experimental data is achieved
in order of magnitude for all three equivalence ratio values.

B 2 atm Experiment ® 5 atm Experiment ® 2 atm Calculation @ 5 atm Calculation

100000
10000
1000 ] e

100

lgnition delay, us
®
[ ]

10

5 5,5 6 6,5 7 7,5 8
10000/ T, 1/K

Figure 3  Comparison of calculated autoignition timing data with experimental data at
pressure values 2 atm and 5 atm for equivalence ratio 0.5

12
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358
359 Figure 4  Comparison of calculated autoignition timing data with experimental data at
360 pressure values 2 atm and 5 atm for equivalence ratio 1
361
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363
364 Figure 5 Comparison of calculated autoignition timing data with experimental data at
365 pressure values 2 atm and 5 atm for equivalence ratio 2
366
367 Figure 6 shows the autoignition timing validation against experimental data at pressure

368  value 2 atm, while Figure 7 shows validation at 5 atm. From the obtained results, it can be
369  observed that the influence of the equivalence ratio is more pronounced in experimental data
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compared to calculated data, where the results for equivalence ratio one cannot be seen from
the plotted points for equivalence ratio 0.5 and 2. In Figure 7, the discrepancy at high
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Figure 7 Comparison of calculated autoignition data with experimental data for
equivalence ratio 0.5, 1.0 and 2.0 at 5 atm

4.2.Laminar Flame Speed Results

All experimental data for laminar flame speed are performed at atmospheric pressure, and
298 K. Figure 8 depicts the calculated data of laminar flame speed at different NH3/CHs blend
ratio with orange dots against the black rectangular that represent the experimental data. The
orange dots are shown at the abscissa for the unsuccessfully calculated data. Additionally, for
unsuccessfully calculated data, results with correlation functions from Equation (1) are shown
with blue dots.

The agreement between the calculated data and obtained results is better for the lean
mixtures and around the stoichiometric equivalence ratio. At the same time, a more significant
discrepancy was achieved for the fuel-rich region, which is especially visible in a mixture with
20% mol CHg or the highest NH3 content. That can be attributed to decreased accuracy in the
fuel-rich region of incorporated NH3 chemical reactions in the San Diego mechanism. A similar
effect is visible in lean mixtures for CH4, which showed a more significant difference with the
experimental data than NHz chemical reactions. For fuel-rich flames the mechanism
over-predicts the measured laminar burning. This is attributable to the missing NNH and NCN
prompt-NO networks, and generic third-body efficiencies for NHs, all of which become
dominant once the hydrogen-radical pool is depleted. Similar discrepancies have been reported
by Okafor et al. [25] and Rocha et al. [26]. Future work will therefore migrate to the more
accurate mechanism, but this drawback is not critical for the demonstration of suitability of the
method.
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Figure 8 Validation of calculated laminar flame speed and correlation function results for
the unsuccessfully calculated points, NH3/CHs mixture with; a) 20%mol CH4, b) 40%mol CHa,
c¢) 60%mol CH4, d) 80%mol CH4

Additionally, in Figure 9, the example of correlation function postprocessing of the raw
calculated data is given. The upper figures show the raw data from premixed freely propagating
flame reactor, and at the bottom are given results for the same database points after applying
the correlation function in Equation (4). At 1500°C, the solver for the 1-D freely premixed
propagating flame model exhibited instability, leading to divergence in the flame speed
calculations for ®>3. These divergent values are represented by zero flame speed. The post-
processing procedure employed for the raw data, as outlined in Equation (4), shows values that
are influenced by the converged data at p=5 bar and ®=3, explaining the observed trend in the
calculated flame speed. It can be acknowledged that the differences between peak laminar flame
speeds at stoichiometric and fuel-rich mixtures are less noticeable at lower temperatures.
However, given the high temperature (1500°C) and the absence of experimental data at this
temperature, the results presented are based on numerical simulations, which may exhibit
divergence under extreme conditions. With this approach, the authors focused on a procedure
that is robust at high temperatures and will provide meaningful predictions of laminar flame
speeds at high temperatures and EGR values.
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Figure 9 Example of the raw database postprocessing with correlation function: pure
ammonia at 1500 K and EGR values: 0%, 40%

4.3.Computational Fluid Dynamics results

In this section, the results obtained with ECFM-3Z in the combination with pre-generated
dual fuel NH3/CHj4 databases are validated against experimental data.

In Figure 10 a) results of NO concentration on the burner exit are compared between
simulation using detailed chemical model (titled “San Diego”), ECFM-3Z in the combination
with pre-generated dual fuel NH3/CH4 databases (titled “ECFM-3Z”) and experimental
measurements detailed in reference [22]. It can be observed that significant disparities with
measured data are pronounced in the lean regime, gradually decreasing as the equivalence ratio
is increased. It is interesting to note that detailed chemical model first overpredicts NO
concentration, but later overpredicts it, while ECFM-3Z consistently overpredicts experimental
results in the whole range of operating conditions. Across the entire equivalence-ratio sweep
the ECFM-3Z framework over-predicts the measured thermal-NO. This systematic bias is
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consistent with the omission of the NNH + O, N0, and NCN prompt-NO channels in the
look-up chemistry; recent studies [27] show that including these paths typically halves the error.
An extended-NO table featuring the full NNH/N>O/NCN subset will be implemented in future
work. In the following Figure 10 b), greater consumption of oxygen in both simulations
indicates production of excess pollutants which were not observed in the experiment. Also,
there is no discrepancy between detailed chemical model and tabulated approach, whilst error
tend to decrease with increase in the equivalence ratio. Regarding CO concentrations (Figure
10 ¢)), only the initial two points were reliably measured in the experiment due to the instrument
surpassing its threshold at a maximum concentration of 900 ppm. Again, there is no significant
difference between detailed and tabulated model. In Figure 10 d), CO is underpredicted,
suggesting a greater consumption of oxygen in reactions. It seems there is the need for a more
comprehensive description of carbon chemistry and its interaction with nitrogen chemistry in
the San Diego model. The current models seem to excessively consume oxygen in reactions
that generate CO, whereas nitrogen chemistry appears to be reasonably well described. The San
Diego mechanism, due to its inclusion of nitrogen chemistry in hydrocarbon combustion,
demands a lot of computational time, which was significantly reduced by the tabulated
approach, while the perseverance of detailed chemical mechanism’s information can be
considered satisfactory.
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5. CONCLUSION

To achieve significant reductions in carbon dioxide emissions, the adoption of carbon-
neutral alternative fuels is mandatory. Ammonia, a promising candidate, can be blended with
natural gas and introduced into existing combustion systems, thereby reducing the reliance on
fossil fuels and the associated CO> emissions. This study focuses on ammonia/methane co-
firing in natural gas burners, employing advanced computational techniques to model and
optimize the combustion processes. It delivers a high-density NHs/CH4 chemistry database,
validated against four data sets and integrated into an industrial CFD solver with a significant
CPU saving. The San Diego mechanism was the basis for generation of laminar flame speed
and autoignition timing databases, covering various pressures, equivalence ratios, temperatures,
and reactant ratios. These databases were incorporated into the CFD code AVL Fire™ to
simulate combustion with the ECFM-3Z model. Validation against experimental data
demonstrated that the model performs well overall, with discrepancies noted in fuel-rich regions
and higher temperatures, attributed to limitations in the accuracy of ammonia-specific chemical
reactions within the San Diego mechanism. The tabulated approach significantly reduced
computational demand while maintaining satisfactory accuracy in representing combustion
dynamics, including flame stability and pollutant formation. Although NO formation was in the
slightly larger disagreement with both detailed mechanism and experiment, consistent trend
was observed in lowering discrepancies with increasing equivalence ratio. However, the study
also highlights areas for improvement, particularly in modelling carbon chemistry and its
interaction with nitrogen chemistry, to address underpredictions of CO; and overpredictions of
CO. By leveraging validated chemical mechanisms and efficient CFD workflows, the study
provides a robust framework for optimizing ammonia utilization in retrofitted and new
combustion systems. Future research should focus on refining chemical models and extending
the approach to other renewable fuel blends, ensuring comprehensive solutions for sustainable
energy transitions.
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