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Numerical study of flammability limits of premixed combustion of ammonia-methane

mixture in a porous media burner
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ABSTRACT: This study numerically examines how equivalence ratio, inlet velocity, and ammonia-
to-methane ratio in fuel impact flammability limits and flame temperature distribution in an ammonia-
methane mixture within a porous burner. The research employed the finite volume method in Fluent
22 software with a chemical kinetic model featuring 69 species and 389 reactions. Furthermore, as the
equivalence ratio increases from 0.7 to 1, the minimum inlet velocity for the lower flammability limit
rises by 57% (from 0.1 to 0.163 m/s), and the maximum inlet velocity for the upper flammability limit
rises by 63% (from 0.14 to 0.244 m/s). For a fixed equivalence ratio, increasing ammonia percentage
lowers peak gas and solid temperatures. Additionally, the widest ammonia range occurs at an equivalence
ratio of 1 (10% to 100%), whereas at an equivalence ratio of 1.4, the range narrows to 10%-30%.
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1- Introduction

Greenhouse gases, such as carbon dioxide, alone
account for approximately a 30% rise in global warming
[1]. To mitigate these emissions, researchers have explored
alternative energy sources. In this regard, ammonia has
emerged as an attractive alternative fuel for combustion,
containing 17.8% hydrogen [2]. Compared to other
hydrocarbon fuels, ammonia exhibits lower reactivity,
higher ignition delay, slower flame speed, and a narrower
flammability range. To address these challenges, extensive
research has been conducted by scientists. So far, limited
studies have been carried out on ammonia fuel combustion in
porous media burners, both experimentally and numerically,
which are reviewed in the following sections. Berkman et al.
[3] investigated the combustion of pure ammonia in a porous
media burner and observed maximum NO concentrations
at an equivalence ratio of 0.9. Wang et al. [4] examined the
stability of ammonia-methane combustion in a double-layered
porous media under fuel-lean conditions. The results showed
that burner stability was achieved even at an equivalence ratio
of 0.5. Rocha et al. [5] studied the combustion of ammonia-
methane-air and ammonia-hydrogen-air mixtures in a porous
media burner using experimental and chemical kinetic
approaches. They analyzed NOx, CO, and unburned ammonia
emissions. Hashemi et al. [6] experimentally investigated
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NOx emissions in ammonia-methane fuel combustion within
porous media. The results indicated that increasing the
ammonia fraction reduced flame stability. Additionally, NO
concentrations increased with ammonia fractions up to 50%,
after which they declined. Increasing ammonia fractions also
led to a reduction in CO emissions. Most studies conducted on
ammonia combustion, either numerically or experimentally,
have primarily focused on the chemical kinetic properties,
such as laminar flame speed and ignition delay time in
ammonia flames. Therefore, this research aims to enhance
combustion parameters by employing a porous burner for the
simultaneous combustion of ammonia-methane fuel mixtures
using a numerical approach.

2- Methodology

To investigate and numerically simulate the flame
stability of ammonia-methane combustion, the burner studied
by Rocha et al. [5] was utilized. As illustrated in Figure 1,
this burner consists of a dual-layer porous medium. The first
porous layer is made of alumina ceramic with a pore density
of 40 PPI, a diameter of 70 mm, and a length of 40 mm. The
second porous layer is made of zirconia with a pore density
of 10 PPL, a diameter of 70 mm, and a length of 40 mm. The
properties of the porous matrices, as referenced from the
study by Katapan et al. [7], are detailed in Table 1. It should
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Fig. 1. Schematic of the combustion chamber under study [5]

Table 1. Properties of porous matrices

Parameter Unit | Zirconia | Alumina
Specific Heat
Capacity (Cp) J/kg-'K 1200 3987
Density (p) kg/m? 4500 3750
Thermal Conductivity
at 20°C W/mK | 10-15 20-30
Thermal Conductivity
at 1000°C W/m-K 2-3 5-6
Porosity - 0.8 0.8

be noted that the properties of zirconia, due to its complex
manufacturing process, are a combination of several different
materials. A comprehensive description of its properties is
provided in the study by Katapan et al. [7].

The governing equations for this problem, including the
conservation equations for mass, momentum, energy of the
gas and solid phases, species conservation, and radiation
within the porous medium, are solved numerically using the
finite volume method and the SIMPLE algorithm in Fluent
22 software. The flow regime within the porous medium
is considered steady-state and laminar, with appropriate
assumptions such as the non-equilibrium condition between
the gas and solid phases. In this study, the chemical reaction
mechanism proposed by Xu et al. [8], comprising 69 species
and 389 reactions, is employed to simulate the combustion of
ammonia-methane with air. Additionally, pre-built libraries in
CHEMKIN software are used to evaluate thermophysical and
transport properties.

3- Result and discussion

This section presents and interprets the results of
investigations into the influence of equivalence ratio, inlet
velocity, and variations in ammonia fuel percentage on the
temperature distribution of gas and solid phases, as well as
the stability and flammability limits of the ammonia-methane

1138

0.3
0.28
0.26
0.24
0.22

3 —e—V,
Blow Off

Stable Flame
0.18 |
0.16 |
0.14 |
0.12 F
0.1F
0.08 |
0.06 |
0.04 |
0.02 |

Flash Back

Inlet Velocity (m/s)

Fig. 2. Upper and lower flammability limits of the flame
at different inlet velocities and equivalence ratios

fuel mixture.

This section investigates the effect of the inlet velocity
of the fuel-air mixture, or in other words, the thermal power
of the porous burner, as well as the equivalence ratio, on the
flammability limits of the ammonia-methane fuel mixture.
The study covers an equivalence ratio range from 0.7 to 1.2
and an ammonia fuel percentage of 80%. Figure 2 shows the
lower and upper flammability limits for the minimum and
maximum inlet velocities of the burner as a function of the
equivalence ratio. The results indicate that as the equivalence
ratio increases towards the stoichiometric region, both the
minimum and maximum inlet velocities required to prevent
flame blowoff and flashback increase. As observed, with an
increase in the equivalence ratio from 0.7 to 1, the minimum
inlet velocity for the lower flammability limit increases from
0.1 to 0.163 m/s, which represents a 63% increase. Similarly,
the maximum inlet velocity for the upper flammability limit
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Fig. 3. Diagram of maximum gas phase temperature in
ammonia fuel percentage and different equivalence ratio

increases from 0.14 to 0.244 m/s (a 57% increase) with
a rise in the equivalence ratio from 0.7 to 1. An important
observation from Figure 2 is the greater dependence of flame
flashback on the equivalence ratio, while the occurrence
of flame blowoff does not change significantly beyond the
stoichiometric region as the equivalence ratio increases.

This section examines the effect of varying the ammonia
percentage in the input fuel mixture within the range of 10%
to 100%, as well as the impact of changing the equivalence
ratio from 0.7 to 1.4, on the maximum temperatures of the
gas phase and the location of the flame zone. As shown in the
graph in Figure 3 for the maximum gas-phase temperature,
for a fixed equivalence ratio, the maximum gas-phase
temperature decreases as the percentage of ammonia in the
fuel mixture increases. This is due to the higher reaction rate
(increased combustion reaction) of methane fuel compared to
ammonia fuel. On the other hand, it can be observed that with
an increase in the equivalence ratio up to 1, the maximum
gas-phase temperature increases. When the equivalence
ratio equals 1, the range of ammonia fuel usage reaches its
maximum value. From the maximum temperature plot for the
gas phase, it can be concluded that increasing the ammonia
percentage in the input fuel mixture decreases flame stability.
Additionally, the flammability limits of the burner can be
controlled by adjusting the ammonia fuel percentage and the
equivalence ratio.

4- Conclusions

In this study, numerical simulation of premixed combustion
of ammonia-methane fuel in a porous medium was performed
using Fluent software. The goal was to investigate the effects
of equivalence ratio, inlet velocity, and simultaneous changes
in ammonia fuel percentage and equivalence ratio on flame
performance parameters, including gas and solid-phase
temperatures, flame zone position, and the flame stability

limits of the burner. For validation, the chemical kinetics of
Zhu et al. with 69 species and 389 reactions were compared
with the experimental results of Rocha et al.,, showing
acceptable agreement in the gas and solid-phase temperature
distribution charts. The key findings are summarized as
follows:

As the equivalence ratio increases from 0.7 to 1, the
minimum inlet velocity for the lower flame stability limit
rises from 0.1 m/s to 0.163 m/s. Similarly, as the equivalence
ratio increases from 0.7 to 1, the maximum inlet velocity
for the upper flame stability limit increases from 0.14 m/s
to 0.244 m/s. Ultimately, the widest range of flame stability
limits is observed within the equivalence ratio range of 0.9—1.
At a constant equivalence ratio, increasing the percentage of
ammonia in the fuel mixture leads to a reduction in the peak
gas-phase temperature. This is because a higher ammonia
content decreases the fuel reaction rate, resulting in a
lower peak flame temperature. Increasing the percentage of
ammonia in the fuel reduces the flame stability limits, as it
decreases the burning velocity and reaction rate of the fuel.
However, the flame stability limits can be controlled by
adjusting the ammonia percentage and the equivalence ratio.
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Fig. 1. Schematic of the combustion chamber under study [18]
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Table 1. Properties of porous matrices
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Fig. 2. Boundary conditions of the geometry of the chamber under study
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Fig. 3. Temperature distribution of the gas phase along the centerline of the burner in six dif-
ferent computational grids

1800
!
1600k !Interface
!
1400
1200 i
i
~ 1000 :
) |
g !
&= 800 i
i
600 | —a— 4968 Cells
| ——&—— 11200 Cells
4001 | ——>—— 17600 Cells
|  ——e—— 18700 Cells
\

——<— 31000 Cells

! ! ! | ! ! !
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
X(m)

o (o lwlone aSw s 53 Jruio (635 g0 b (59, w1 el 5 slod o597 F UKW

Fig. 4. Temperature distribution of the solid phase along the centerline of the burner in six dif-
ferent computational grids

ARRZS



VOA B ITY dotio VFY Jlo A oyl OF 093 «pusS prol CSilSlo wnbies &y pii

2600

sagof — T, present study
—&— T, present study

2200 F ® T Rocha et al [18]

Temperature (K)

Interface

L L L
0 0.01 0.02 0.03

L L L L
0.04 0.05 0.06 0.07

X(m)

DAL G50 g g,y (2 Rulejl mli b Jauio (3550 ks (59, 32 - Sligel Cdgus (51 dola g 5 (glod &1 595 dunylio B JSU5

Fig. 5. Comparison of gas and solid temperature distributions for ammonia-methane fuel along the burner cen-
terline with the experimental results of Rocha et al. [18]
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experimental results of Rocha et al. [18]
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Fig. 7. Diagram of maximum gas and solid temperature phase over the equivalence ratio range of ¢ = 0.7-1.2
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Fig. 8. Diagram of flame reaction zone position at different equivalence ratio and inlet velocity = 0.17 m/s in a)
Gas phase b) Solid phase
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Table 2. Effect of changes in ammonia fuel percentage and equivalence ratio on the flame zone position
at an inlet velocity of 0.2 m/s
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