A Computational Study of Lean Ammonia Premixed Flame in
MILD Combustion Conditions
Ruslan Khamedov∗ ,Wonsik Song† , Francisco E. Hernández Pérez‡ , and Hong G. Im§
Clean Combustion Research Center, King Abdullah University of Science and Technology (KAUST),
Thuwal 23955-6900, Saudi Arabia
To provide fundamental insights into the heat release and emission characteristics of ammonia flames in moderate or intense low-oxygen dilution (MILD) conditions, numerical simulations in one-dimensional laminar and two-dimensional turbulent flame configurations are
conducted. The analysis shows that for the ammonia MILD flame, lower NOx emissions can
be achieved while improving flame stability characteristics. In addition, the propagation of
ammonia flames into forced turbulent flows in a channel is examined in terms of turbulent
flame speed and surface area enhancement. The normalized flame speed and flame surface
area are well correlated, and show qualitatively similar behavior for the MILD and non-MILD
flames.

I. Introduction
mmonia has recently gained significant interest across scientific and industrial communities as a future fuel. The
role of this combustible inorganic substance in the decarbonization of the energy sector is accompanied by the
potential to pave the way towards a hydrogen society. Ammonia is comprised by almost 18% hydrogen in terms of mass
and is accepted as one of the hydrogen-combustion enablers with mature and economically viable infrastructure for
transportation and storage [1]. Unlike hydrogen, ammonia is relatively easily transported in liquid form in low-pressure
vessels. Besides, the high octane number of ammonia (around 130) makes it feasible to use in internal combustion
engines to eliminate knocking [2–4].
Despite its potential as alternative fuel, ammonia oxidation in pure form faces some challenges that need to be
tackled before it is effectively applied in combustion systems. Laboratory-scale experiments have shown that ammonia
combustion exhibits flame instabilities and high nitrogen oxide (NOx ) emissions [1, 5, 6]. The NOx in ammonia flames
are mainly produced through the fuel-NO pathway and are significantly high in lean conditions, which in turn requires
the implementation of costly after-treatment systems to reduce emission to acceptable levels. Nonetheless, emissions
can be minimized by burning ammonia in fuel-rich conditions, but leading to the necessity to eliminate unburned
ammonia and N2 O, another greenhouse gas, from the exhaust gases [7, 8]. The issue associated with the slow flame
speed of pure ammonia (around 6-8 cm/s at a stoichiometric condition [9]) and high ignition energy [5] can be overcome
by blending ammonia with other fuels to boost the reactivity of the mixture. Co-firing ammonia with hydrogen is a
feasible way to reach carbon-free combustion and enhance combustion characteristics (ignitability and stability).
Another pragmatic approach of ammonia utilization in stationary power generation is applying the promising
combustion concept known as moderate or intense low-oxygen dilution (MILD) combustion, which offers unique
potential for simultaneously increasing combustion efficiency and reducing pollutant emissions [10, 11]. MILD
combustion involves preheating and dilution. The highly preheated and diluted nature of the reactant mixture enhances
flame stability and reduces thermal-NOx formation. Practically, the MILD combustion concept shares some common
features with modern engine concepts such as the homogeneous charge compression ignition (HCCI) engine and the
exhaust gas recirculation (EGR) process.
The physical insights of MILD combustion are difficult to unravel due to atypical transport-chemistry interaction,
chemical kinetics, and dominant characteristic physical scales [12, 13]. Recently, Sorrentino et al. [14] studied the
stability and emission characteristics of ammonia MILD flames for various equivalence ratios and inlet temperatures in a
cyclonic burner. The lower NOx under the nearly stoichiometric condition and stable combustion at burner temperatures
above 1300 K were experimentally found in this study. Moreover, Ariemma et al. [15] experimentally analyzed the
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effect of water addition to the unburned mixture, boosting NOx reduction by the DeNOx process in a cyclonic burner.
The study concluded that water addition has a positive effect in terms of emissions. However, further fundamental
understanding of the underlying physical and chemical processes of ammonia MILD flames is needed.
To this end, this research work is aimed at providing fundamental insights into ammonia premixed flame characteristics
in MILD conditions through high-fidelity simulations. Phenomenological observations are discussed in terms of heat
release characteristics, dominant reaction pathways, emissions distribution, and turbulence-flame interplay. Turbulent
ammonia flames propagating into forced turbulent flows in a channel are further examined in terms of turbulent flame
speed and curvature effect from global perspectives. In the following, the computational method and conditions are
introduced, followed by the discussion about laminar and turbulent ammonia flame behavior. Lastly, concluding remarks
are provided.

II. Computational Methods and Conditions
Fundamental combustion characteristics of ammonia flames at MILD conditions, such as the heat release rate and
emissions, are first analyzed for the one-dimensional planar flame configuration. The simulations have been carried out
with the Cantera library [16] using a chemical kinetic model by Otomo et al. [17] which consists of 32 species and 255
elementary reactions.
By definition the MILD combustion mode requires intense dilution and preheating of the reactant mixture.
Additionally, it is required to keep the temperature of reactants (𝑇𝑟 ) higher than the auto-ignition temperature of the
mixture (𝑇𝑖𝑔𝑛 ) while maintaining the temperature rise across the flame (Δ𝑇) lower than the auto-ignition temperature [11].
The autoignition temperature of a mixture is calculated using a well-stirred reactor (WSR) model with a residence
time of 1 s. Moreover, as noted by Desai et al. [18], by increasing the inlet mixture reactivity (i.e. preheating it to the
auto-ignition temperature), the laminar flame speed is no longer an intrinsic property of the mixture only, but depends
on the domain size. For that reason, a domain sensitivity analysis is performed to identify 𝑇𝑟 for which the solution is
domain-independent.
Table 1 lists the thermochemical conditions of the cases under study. For a physically relevant comparison, a lean
ammonia MILD flame (MILD1) is compared with two conventional cases which were selected by matching either the
flame temperature (A1) or the laminar flame speed (B1).
Table 1

Inlet thermochemical conditions of considered cases. All conditions are at pressure 𝑃 = 1 atm.

Case

𝜙

𝑋NH3

𝑋O2

𝑋N2

𝑇𝑟 [K]

𝑇 𝑝 [K]

𝑆 𝐿 [cm/s]

𝛿𝑡 ℎ [mm]

MILD1
A1
B1

0.7
0.7
0.7

0.07
0.13
0.16

0.08
0.14
0.18

0.85
0.73
0.66

1200
700
750

1797
1797
2047

33.0
11.0
33.0

2.15
2.70
1.17

To investigate the effects of turbulence on the flames, two-dimensional high-fidelity direct numerical simulations are
performed for the cases MILD1, and B1, whose conditions are described in Table 1. Simulations of propagating flames
in a channel are conducted by using the in-house KARFS code (KAUST Adaptive Reacting Flow Solver). Readers may
refer to Hernández Pérez et al. [19] and Desai et al. [20] for more details regarding the code performance and capabilities.
The compressible Navier–Stokes, continuity, species, and energy equations are solved by using an eighth-order central
finite-difference operator for spatial discretization while a six-stage fourth-order explicit Runge–Kutta scheme is used for
the temporal integration of the solution. To eliminate spurious high-frequency fluctuations, a tenth-order filter is applied.
Periodic boundary conditions are applied in the vertical axis while Navier–Stokes characteristic boundary conditions
are used for the outflow boundary [21, 22]. The solution from the one-dimensional steady-state freely propagating
flame configurations are mapped onto the two-dimensional domain as an initial condition and turbulent fluctuations are
imposed. An isotropic turbulent field was initialized by prescribing the energy spectrum in spectral space [23]. Linear
turbulent forcing, as described in Ref. [24], is applied in physical space within certain computational domain range to
maintain the original level of turbulence in the fresh mixture that lies below a temperature cutoff value (which is specific
for each case).
The associated turbulence, non-dimensional and domain discretization parameters are listed in Table 2. To investigate
fundamental turbulent burning characteristics, the ratios of turbulent intensity to the laminar flame speed (𝑢 0/𝑆 𝐿 = 10),
and integral length scale to the laminar thermal thickness (𝑙𝑇 /𝛿𝑡 ℎ = 2) are identical in each case. Both turbulent flames
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fall into the thin reaction zone regime according to the Borghi regime diagram [25]. The turbulent Reynolds number
 2
0
is defined as 𝑅𝑒 = 𝑢𝑣0𝑙𝐼 , the Karlovitz number is defined as 𝐾𝑎 = 𝛿𝜂𝑡𝑘ℎ and the Damkhöler number is defined as
𝐷𝑎 = 𝑙𝑠𝑙𝐿· 𝛿·𝑢𝑡 ℎ0 , where 𝑣 0 is the unburned gas kinematic viscosity, 𝑙𝑙 is the integral length scale and 𝜂 𝑘 is the Kolmogorov
length scale. The computational domain in each case is discretized using a uniform grid consisting of 120,000 points.
The grid spacing was set to adequately resolve all the relevant spatial scales such as Kolmogorov length scale (𝜂 𝑘 ) and
reaction zone with at least 20 grid points.
Table 2
Case
MILD1
B1

Turbulence parameters for two-dimensional DNS setup.

𝑢 0 [m/s]

𝑙𝑇 [mm]

𝜂 𝑘 [mm]

Δ𝑥 [mm]

Re

Da

Ka

3.4
3.3

4.3
2.3

0.15
0.07

0.1
0.05

86
99

0.2
0.2

46
50

III. Results and Discussion
To analyze the effects of preheating and dilution of lean reactant mixtures on the heat release rate (HRR), the
profiles corresponding to cases MILD1, A1 and B1 are shown in Fig. 1(a). Note that the results are plotted versus
𝑟
the temperature-based progress variable, defined as 𝑐𝑇 = 𝑇𝑇𝑝−𝑇
−𝑇𝑟 , where 𝑇𝑟 and 𝑇 𝑝 denote reactant and product gas
temperature, respectively. The peak of HRR in all cases is found at the downstream region. For case MILD1, the HRR
decreases as compared with the flame which has the same laminar flame speed (B1), and it is similar to that of flame
A1 (which has the same product temperature). Comparing the HRR profile of MILD1 and A1, it spreads more for
the MILD1 case due to the highly reactive nature of the inlet mixture - a significant level of HRR is observed in the
upstream reactant zone.

Fig. 1 Comparison of (a) heat release profiles in progress variable space, (b) fractional contribution from
dominant HRR reactions for one-dimensional laminar flames.
Quantitative analysis on dominant HRR reactions is investigated by calculating the volumetric heat release rates on a
per-reaction basis as follows:
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where 𝜔 𝑘 is the net rate of progress of reaction k (also known as net reaction rate), ℎ0𝑓 , 𝛼 is enthalpy of formation of
0
species 𝛼, 𝑣 00
𝑘, 𝛼 and 𝑣 𝑘, 𝛼 are stoichiometric coefficients of species 𝛼 in reaction k. The total volumetric HRR is then
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obtained by summing ℎ 𝑘 over all reaction steps
ℎ𝑇 =
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The volume-integrated HRR from each reaction 𝑘 and total HRR are calculated as
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where 𝐿 denotes the computational domain. Consequently, the fractional contribution of reaction k on the total HRR is
defined as
𝐻𝑘
𝑓𝑘 =
× 100 .
(5)
𝐻𝑇
Following the fractional contribution analysis explained above, the dominant HRR reactions are identified for
each case. As shown in Figure 1(b), the chain-branching reaction H + O2
O + OH is the main endothermic
reaction with a fractional contribution to the total heat release rate of more than 15% for each case. The reaction
NH3 + OH
H2O + NH2 is a major exothermic reaction imparting more than 17% fractional contribution to the
total HRR for the flames MILD1, A1 and B1. Preheating and dilution of the reactant mixture promotes heat release
from reactions H2 + OH
H + H2O and H + N2O
N2 + OH, as compared with the corresponding normal
flames. The increased reactivity and reduced oxygen content of the inlet mixture promote hydrogen related reactions,
which are enhanced by diffusion of hydrogen. Note that fractional contribution of one of the preponderant reactions
NH2 + OH
H2O + NH is reduced to approximately 7% for the case MILD1.
With the understanding of HRR dominant chemical pathways, the NO emission is subsequently analyzed. For the
same flame speed, a lower NO emission is observed, which is inferred by comparing the NO mole fraction between
MILD1 and A1 in Figure 2(a). Although the NO levels in A1 and MILD1 are almost the same, the flame speed of
flame A1 is 3 times slower than that of MILD1. As reported in the literature, NOx are mainly produced from fuel–NO
pathway via HNO intermediate species for all equivalence ratios [1, 5]. Moreover, as pointed out by Miller et al. [26],
under certain range of oxygen amount and temperature, the thermal–DeNOx process can enhance the NO reduction
by promoting reaction NH2 + NO. Figure 2(b) illustrates the NO production rate from HNO + OH
H2O + NO
(blue color), the dominant fuel-NO production pathway, and NO consumption rate from NH2 + NO
H2O + N2
(red color), the key reaction in the thermal–DeNOx process, overlaid with total NO (black color) production profiles.
Note that the profiles are shown for MILD1 flame (solid line) and A1 flame (dashed line), which have nearly the same
emission levels. By looking at the total NO production rate, it is noticed that the NO is consumed and produced early in
the reaction zone for the flame MILD1. Furthermore, the consumption by thermal–DeNOx process is dominant for low
and intermediate temperature range in MILD1.
The influence of turbulence on flames MILD1 and B1 (which have same laminar flame speed) is discussed next.
Figure 3 illustrates two-dimensional instantaneous snapshots of the temperature field at a time instant of 10 × 𝜏eddy
where 𝜏𝑒𝑑𝑑𝑦 is the eddy turnover time defined as the ratio 𝑙 T /𝑢 0 with 𝑙 T and 𝑢 0 being the integral length scale and
turbulent intensity, respectively. Due to the high dilution of MILD1 flame, its temperature rise is lower and its flame
thickness is larger. On the other hand, the level of wrinkling in B1 flame is higher. The instantaneous spatial distribution
of heat release rate is also shown in Figure 4. The higher heat release in positive curvature (convex towards reactants) is
observed for both cases, while positive heat release values are also noted in concave regions for the MILD1 flame.
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Fig. 2 Comparison of NO (a) mole fraction (b) production rate in progress variable space for one-dimensional
laminar flames. The solid line corresponds to MILD1, while the dashed line corresponds to A1.

Fig. 3

Fig. 4

Temperature distribution at time 𝜏eddy = 10 for the cases (a) MILD1 and (b) B1.

Heat release rate distribution at time 𝜏eddy = 10 for the cases (a) MILD1 and (b) B1.

Figure 5 shows scatter plots of the normalized heat release versus temperature-based progress variable for cases
MILD1 and B1. Heat release is normalized by the corresponding maximum value of the rate of heat release from
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a one-dimensional laminar flame. In each case, the associated laminar heat release profile (displayed in solid black
line) is included. A wider range of scattering is observed in the preheat zone (0.3 < 𝑐𝑇 < 0.7) for case B1, while for
case MILD1 it is mainly observed in the reaction zone (0.7 < 𝑐𝑇 < 0.8). This implies a broader reaction zone for the
ammonia MILD flame.

Fig. 5

HRR profile at the time 𝜏eddy = 10 for the case (a) MILD1 and (b) B1.

The global burning velocity characteristics are examined based on the fuel consumption speed as well as the flame
surface area. The former is given by [27]
∫
1
𝑆𝑇 =
𝜔¤ 𝐹 dV ,
(6)
𝜌𝑢𝑌𝑢,𝐹 𝐴0 𝑉
where 𝜌, 𝑌𝑢,𝐹 , 𝜔¤ 𝐹 , and 𝐴0 stand for density of fresh mixture, mass fraction of fuel in the fresh mixture, reaction rate
of fuel, and projected flame area onto the direction of the flame propagation, respectively. Figure 6 displays the ratio
between normalized flame speed and normalized flame surface i.e stretch factor of each flames. Note that division by
normalized flame surface eliminates the effect of surface area increase. The flame surface is based on the isolevel of
progress variable 𝑐𝑇 = 0.87, where the peak of heat release rate occurs. The turbulent flame speed increase for case B1
is slightly higher when contrasted to that for case MILD1. Nevertheless, the flame enhancement is mainly due to area
increase, which verifies Damköhler’s first hypothesis for the MILD and normal flames considered in this study [28],
which is also shown in Figure 7.

IV. Conclusions
A computational study of lean ammonia premixed flame characteristics in MILD and normal combustion was
conducted for one-dimensional laminar and two-dimensional turbulent flame configurations. The one-dimensional
results revealed that the heat release profile is attenuated for the MILD flame as compared to the normal flame that has
identical laminar flame speed. Moreover, dominant reaction pathway analysis indicated that in the MILD flame the
contribution of hydrogen-related reactions is promoted. Analysis of turbulent flame speed and surface area indicates
that the flame speed and flame surface area are well correlated for both the MILD and non-MILD flames, with the flame
speed enhancement being slightly larger for the non-MILD flame.
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Fig. 6

Fig. 7

Temporal evolution of stretch factor.

Temporal evolution of normalized flame speed and normalized flame surface area for cases (a) MILD1 (b) B1.
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