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As a zero-carbon fuel, ammonia has promising applications and thereby has received great attention recently.
However, compared to traditional hydrocarbon fuels, ammonia has very low laminar flame speed and extremely
high minimum ignition energy (MIE). A feasible method to promote ammonia combustion is partial fuel
cracking, during which ammonia undergoes decomposition into hydrogen and nitrogen. This work reports a
computational study on forced ignition and spherical flame propagation in partially cracked ammonia/air

mixtures. The objective is to assess the effects of fuel cracking on the MIE and flame propagation. It is found that
even a slight amount of ammonia cracking can significantly reduce the MIE and promote ignition. In addition,
the influence of positive stretch rate on the spherical flame propagation speed, which is quantified by the
Markstein length, is shown to be greatly affected by ammonia cracking. The mechanism of ignition promotion
and change in spherical flame propagation by ammonia cracking is interpreted and discussed.

1. Introduction

As a carbon-free fuel, ammonia has received significant attention
recently since it can help enable a low-carbon economy. Compared with
hydrogen, another popular zero-carbon fuel, ammonia can be much
more easily liquefied to achieve high volumetric energy density [1].
Furthermore, an established, reliable infrastructure already exists for
both ammonia storage and distribution [2]. However, there are still
some challenges in the application of ammonia as an alternative fuel,
especially the very high minimum ignition energy (MIE) and extremely
low burning velocity [3]. Therefore, it is crucial to thoroughly explore
the ignition mechanism of ammonia to harness its benefits and address
its limitations effectively.

Forced ignition is a fundamental and crucial research topic in com-
bustion, which wields significant practical implications, such as internal
combustion engine control and fire safety. To facilitate the ignition and
combustion of ammonia, two primary approaches are commonly uti-
lized: fuel blending and oxidant enhancement. In the case of fuel
blending, hydrogen or methane is typically incorporated into the fuel
mixture to augment its chemical activity [4-6]. For oxidant enhance-
ment, one effective strategy is to increase the oxygen content in the
oxidant to enhance the combustion [7,8]. Recently, Chiong et al. [9]

underscored the potential of inducing hydrogen via ammonia cracking
to promote the ignition and burning of ammonia, which has received
preliminary practice and application. These studies highlight the pos-
sibility of hydrogen blending as a promising approach for ammonia
combustion enhancement.

In fact, there has been considerable research on the combustion of
ammonia/hydrogen blends in the literature. Lee et al. [10] found that
doping ammonia with hydrogen could improve combustion perfor-
mance but increase nitrogen oxide emissions at the same time. Through
numerical simulation studies, Li et al. [11] demonstrated that the
enhancement of combustion characteristics was mainly due to the high
chemical activity and the high transport mobility of Hy. Mei et al. [12]
adopted a modified fictitious diluent gas method and found that in
partial fuel cracking strategy, thermal effect only plays a minor role,
while chemical effect plays the dominant role in the enhancement of
NH; flame propagation. Li et al. [13] reported that hydrogen concen-
tration changes the response of laminar flame speed to pressure in
ammonia/hydrogen combustion. Furthermore, several studies have
been conducted to study the flame structure, instability and the ignition
process. By comparing the flame structures of ammonia and methane,
Kobayashi et al. [14] noted that the flame thickness of ammonia was
significantly higher than that of methane. Hu et al. [15] experimentally
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studied the flame propagation in a hydrogen/ammonia/air mixture.
They systematically revealed the effect of hydrogen content, equiva-
lence ratio and initial pressure on the flame stability. Furthermore, Li
et al. [16] found that compared to hydrogen/ammonia/air, hydrogen/
ammonia combustion in oxygen is extremely susceptible to instability.
In terms of ignition, Liao et al. [17] used a rapid compression machine
(RCM) and discovered the two-stage ignition behavior of NH3/Hj mix-
tures. Through experimental research, Essmann et al. [18] found that
the maximum pressure of ammonia combustion increases with hydrogen
blending, and the ignition energy decreases. Yu et al. [19] experimen-
tally studied the effects of the strain rate, pressure and hydrogen content
on the minimum ignition energy. It was found that there exists a quasi-
linear correlation between the transition strain rate and the inverse of
ignition delay time in homogeneous, quiescent mixtures. While the
combustion of ammonia/hydrogen blends have been extensively stud-
ied, the forced ignition process and the subsequent unsteady flame
propagation of partially cracking ammonia mixture are still lacking
systematic research and comprehensive understanding. The pyrolysis
products of ammonia are hydrogen and nitrogen. Although nitrogen has
little effect when the decomposition level is low, its effect cannot be
ignored once the decomposition level increases.

Therefore, the objective of this study is to reveal how and why partial
ammonia cracking affects the forced ignition and spherical flame
propagation in ammonia/air mixtures. Transient simulations of ignition
and flame propagation processes are conducted, and detailed transport
and chemistry are considered in simulations. The fundamental flame
properties and flame structures are calculated and compared for
different equivalence ratios, different pressures and different ammonia
cracking levels. The effects of ammonia cracking level on minimum
ignition energy, transient flame propagation and Markstein length are
assessed and interpreted.

2. Numerical model and methods

The transient forced ignition and spherical flame propagation are
considered for NH3/Hy/Ns-air mixtures with a wide range of equiva-
lence ratios (¢ = 0.6 ~ 1.5) and initial pressures (Py = 1, 2, 5, 10 atm).
The unburned mixtures are at Tp = 300 K. In previous study, it was
found that the concentrations of subordinate pyrolysis products have a
minor effect on the ignition process [20]. Therefore, it is reasonable to
describe the partial fuel cracking of ammonia by varying the blending
ratio of NH3/Hy/No:

NH; : Hy : Ny : Oy = (1 =) : 1.5¢¢ : (0.5¢¢p+0.75 0 79%/21%) : 0.75
(€]

in which ¢ is the equivalence ratio and c¢ quantifies the fuel cracking
level (c = 0 for pure NHg without fuel cracking, and ¢ = 100 % for pure
H,, N with complete fuel cracking). A broad range of fuel cracking
levels (0 < ¢ < 100 %) is considered, though in practice the fuel cracking
level is usually below 50 %.

In the simulations, the unstretched flame properties, such as the
adiabatic flame temperature, laminar flame speed and flame thickness
are calculated by one-dimensional planar premixed flames using Can-
tera [21]. The forced ignition and subsequent spherical flame propa-
gation are simulated using the in-house code A-SURF [22,23]. A-SURF
has been successfully used and widely validated in previous studies on
ignition [24,25], flame propagation [26,27], and detonation develop-
ment [28,29]. More details about the governing equations, numerical
schemes and code validation can be found in [22,23] and thereby are not
repeated here. In simulations, the detailed chemistry and the mixture-
averaged transport model [30] are considered. A detailed ammonia
chemical mechanism developed by Shrestha et al. [31] is selected since
it can accurately predict the laminar burning velocities of ammonia/
hydrogen/air mixtures.

The initial and boundary conditions used in the simulation of forced
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ignition and flame propagation are sketched in Fig. 1. As shown in Fig. 1,
the simulations are one-dimensional in a spherical computational
domain, 0 < r < R,,. Initially, the static mixtures are uniformly distrib-
uted over the whole domain. At both boundaries, r= 0 and r = R,,, zero
flow velocities and zero gradients of mass fractions and temperature are
enforced. To mimic the practical spark ignition process, the mixture is
centrally ignited by including the following source term in the energy
equation:

B o ,(L>2 e
Eg(r,t) = { m°Ri R N )

OtZT,‘g

where Ej, is the total ignition energy, 7;, the ignition duration and R;, the
ignition radius. In simulations, the duration and radius of ignition en-
ergy deposition are fixed to be 7; = 0.8 ms and R = 0.8 mm,
respectively. The minimum ignition energy is obtained by a bisection
method with a relative error below 1 %. The computational domain size
isR,, =20 cm, with the finest mesh size being 15.6 pm to ensure the grid
convergence.

3. Results and discussion
3.1. Unstretched planar flame

We first study the unstretched planar flames in NH3/Hy/Ns-air
mixtures. Fig. 2(a) shows the effect of equivalence ratio on the
unstretched planar flame properties at normal pressure. It is observed
that for both undecomposed (c = 0) and partially decomposed (¢ = 0.5)
mixtures, the highest adiabatic combustion temperature, largest laminar
flame speed, and lowest flame thickness occur around ¢ = 1.0, which
indicates a significant enhancement in burning intensity at the stoi-
chiometric conditions.

Similarly, the effect of decomposition level, c, on the adiabatic flame
temperature, laminar flame speed, and flame thickness is shown in Fig. 2
(b). It is observed that when c increases from O to 1, the adiabatic flame
temperature increases from 2062 K to 2250 K for stoichiometric mix-
tures (¢ = 1.0) due to the increased enthalpy level of the mixture.
Likewise, a moderate rise of 140 K in the adiabatic temperature is
observed for ¢ = 0.6. It is noted that the adiabatic flame temperature
does not change significantly with the decomposition level, but dem-
onstrates a strong correlation with the equivalence ratio. On the con-
trary, the decomposition level shows a great influence on the laminar

u=20
— 4T _dv,
dx dx
E.
9 quel
T:TO
P=P0
u=0
0 Ry R, r

Fig. 1. Schematic of the initial and boundary conditions used in the simulation
of forced ignition and spherical flame propagation.
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Fig. 2. Effect of (a) equivalence ratio and (b) fuel cracking level on the adiabatic flame temperature, laminar flame speed and flame thickness of NH3/H,/N-air

unstretched planar flames at P = 1 atm.

flame speed. For stoichiometric mixtures, the laminar flame velocity
increases from 6.89 cm/s to 182.39 cm/s with complete fuel cracking
and a similar trend is observed for ¢) = 0.6. Furthermore, Fig. 2 (b) shows
that when ¢ increases, the flame thickness first decreases significantly
and then decreases slightly. This indicates that a small amount of
ammonia dissociation (e.g., 10 %) only slightly increases S, but greatly
reduces flame thickness, especially for lean (¢ = 0.6) mixtures.

Fig. 3 shows the response of flame structures to the varying fuel
cracking levels (c = 0, 0.5 and 1) for stoichiometric NH3/Hy/Ng-air
mixtures. Specifically, when ¢ = 0, the flame structure corresponds to
that of a pure ammonia flame, while when ¢ = 1, the flame structure
resembles that of a pure hydrogen flame. As the fuel cracking level in-
creases, the flame thickness decreases, accompanied by a notable rise in
radical concentrations, especially for H radical. The enrichment of the
radical pool leads to the enhancement in flame intensity. Moreover, it is
observed that the nitrogen-containing compositions such as NHy, NH,
etc., exhibit an initial increase followed by a decline. The initial increase
is attributed to the elevation in the adiabatic temperature, whereas the

subsequent decrease is due to the consumption of reactants. It is noted
that when ¢ increases, the emissions of nitrogen oxides (e.g. NO) also
increase. This finding is consistent with the experimental results re-
ported by Lee et al. [10]. Such an observation raises concerns about
pollutant emissions and highlights the importance of controlling nitro-
gen oxide emissions while improving combustion performance.

3.2. Forced ignition and spherical flame propagation

In this section, we study the transient forced ignition and spherical
flame propagation. A typical ignition kernel evolution process is first
shown in subsection 3.2.1. Then the effects of equivalence ratio, partial
fuel cracking and initial pressure on forced ignition and flame propa-
gation are assessed in subsections 3.2.2, 3.2.3 and 3.2.4, respectively.

3.2.1. Typical ignition evolution
Fig. 4 shows a typical temperature profile history during the forced
ignition of NHs/air mixtures with ¢y = 1 and ¢ = 0. It is seen that, during
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Fig. 3. Flame structures at (a) c = 0, (b) ¢ = 0.5 and (c) ¢ = 1 for stoichiometric NHz/H,/N,-air mixtures at P, = 1 atm.
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Fig. 4. Evolution of temperature distribution for (a) successful ignition with E; = 6.75 mJ and (b) ignition failure with Egz = 6.5 mJ in stoichiometric NHz/air

mixtures at Pp = 1 atm.

the energy deposition, the gaseous mixture is heated up. Autoignition
occurs and the mixture reaches up to 3246 K at the end of the energy
deposition. For a successful ignition process, an initial temperature drop
is observed after the energy deposition due to heat conduction. How-
ever, the heat loss is quickly prevailed by the strong exothermic re-
actions and the flame kernel can successfully propagate outwardly in a
self-sustained manner. However, with a lower ignition energy, the
temperature of the ignition kernel consistently decreases since the
chemical heat release rate is lower than the rate at which heat is con-
ducted away, eventually resulting in an ignition failure.

To delve deeper into the ignition process, Fig. 5 shows the temporal
evolution of the ignition kernel radius at different ignition energies. In
simulations, the ignition kernel radius, Ry, is defined as the position of
the maximum heat release rate. It is observed that with a small ignition
energy of 6.25 and 6.5 mJ, the flame radius initially increases and then
decreases to 0, indicating ignition failure. However, further increasing
ignition energy to 6.75 and 7.0 mJ enables the ignition kernel to surpass
the critical flame radius and propagate further. After that, the flame
kernel propagates outwardly in a self-sustained manner, leading to a
continuous increase in flame radius. Therefore, ignition fails for 6.25
and 6.5 mJ, while it succeeds for 6.75 and 7.0 mJ. The minimum ignition
energy is approximately estimated as 6.625 mJ.

3.2.2. Effect of the equivalence ratio

In this subsection, we assess the effect of equivalence ratio on forced
ignition in an undecomposed NHs/air mixture (i.e. ¢ = 0) at normal
pressure.

0.4

i 7.0 mJ

0.3

0 . . . ‘ | =T e e -

0 0.01 0.02
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Fig. 5. Temporal evolutions of ignition kernel radius for stoichiometric NHs/
air mixtures with different ignition energies.

As shown in Fig. 6(a), the MIE decreases drastically from 36.0 mJ to
5.25 mJ in the range of 0.6 < ¢ < 0.9, reaching a minimum at ¢ = 0.9.
For ¢ > 0.9, the MIE increases from 5.25 mJ to 57.5 mJ as the equiva-
lence ratio increases to ¢ = 1.5. The change in MIE is associated with the
variation in mixture reactivity, which can be characterized as:

Emin g”ﬁBPuCP(Tb - Tu) (3)
where Ep;, is the minimum ignition energy, § the flame thickness, p, the
density of the unburned mixture, Cp the heat capacity at constant
pressure, Ty, the burned temperature, and T, the unburned temperature.

According to Eq. (3), the minimum ignition energy is proportional to
the cube of the flame thickness. Furthermore, when dealing with light
gaseous species, it is essential to take into account the effect of differ-
ential diffusion, which can be quantified by the effective Lewis number
[32]. For NHs/air mixtures, the variation of the effective Lewis number
is shown in Fig. 6(b). It is observed that the effective Lewis number of
NHgs/air mixtures remains close to unity across different equivalence
ratios, exhibiting only slight variations. This indicates that the differ-
ential diffusion has a minor effect on pure ammonia flames and the
flames show a low sensitivity to the stretch rate. Therefore, the variation
in the minimum ignition energy is primarily caused by the change in
flame thickness. As shown in Figs. 2(a) and 6(a), the MIE exhibits a
similar trend to the flame thickness across the equivalence ratio range,
with a slight shift in the peak caused by the differential diffusion effect.

Fig. 7 shows the effect of equivalence ratio on the evolution of flame
propagation speed. In simulations, the flame propagation speed is
defined as:

_ &y

=% 4)

Sp

where Rf is the ignition kernel radius. Flame stretch, by definition,
represents the time derivative of the surface area of an infinitesimal
surface area element:

1 dA

= o— 5
K 2 . i 5)
For a spherical ignition kernel with A = 4an2, we can get:
2 drRy 25,
K=2 o2 _2%
Rf ¢ dt Rf ®)

In Fig. 7, the ignition kernel propagation velocity is normalized by
Sp/Sy? for better visualization, where S° is the unstretched laminar
flame speed relative to the burned gas. Meanwhile, the normalized
stretch rate, i.e., the Karlovitz number Ka, is defined as:

_Ké

Ka=—
Si

)



Z. Qu et al.

E... (mJ)

Fuel 378 (2024) 132936

(o) 1

0.98

0.96

Leeff

0.94 -

0.92

0.6 0.9 1.2 1.5
¢

Fig. 6. Change of the (a) minimum ignition energy and (b) effective Lewis number with the equivalence ratio for NHs/air mixtures at Po = 1 atm.
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Fig. 7. Change of the normalized flame propagation speed as a function of
Karlovitz number for NHs/air mixtures with different equivalence ratios. The
arrow indicates flame propagation direction (i.e., increase in flame radius).

where § is the flame thickness, and S; is the unstretched laminar burning
speed, which can be obtained from PREMIX. By defining the Karlovitz
number, the effect of flame thickness and flame propagation velocity at
different equivalence ratios can be incorporated.

Fig. 7 clearly shows that the flame propagation process can be
divided into three distinct regimes [33,34]: the ignition energy induced
ignition kernel propagation regime (Regime I), the unsteady flame
transition regime (Regime II) and the quasi-steady flame propagation
regime (Regime III). In the ignition energy induced regime, both the
flame propagation speed and the stretch rate decrease since the excess
enthalpy from the ignition energy becomes lower at a larger flame
radius. After the ignition kernel propagates across the critical flame
radius, it enters the unsteady flame transition zone. In this regime, the
flame propagation is accelerated by chemical reactions and transport.
Finally, the flame enters the quasi-steady propagation regime, where the
flame propagation is only affected by the stretch rate. As shown in Fig. 7,
for all three cases, the flame propagation speed shows a linear correla-
tion to the stretch rate in the quasi-steady regime. However, the flame
shows different sensitivities to the stretch rate at different equivalence
ratios. The sensitivity of the flame propagation speed to the stretch rate
is quantified by the Markstein length, which can be predicted from the
linear correlation:

Sb:SS*Lb.K (€)]

Fig. 8 shows the change of the Markstein length with the equivalence
ratio for NHz/air mixtures with ¢ = 0. It is observed that the Markstein
length first decreases and then increases as ¢ increases. Specifically, it
decreases from 1.80 mm at ¢» = 0.6 to 0.89 mm at ¢ = 0.9, and subse-
quently increases to 21.13 mm at ¢ = 1.5. The non-monotonic change in
Markstein length is attributed to the combined effect of the effective
Lewis number, flame thickness and thermal expansion coefficient [35],
which is characterized by:

2 2Ze(Legy — 1)
CVo+1 c—1

Ma

{ﬁ_1_1n%(¢3+1)}_2(f_1)
©

where Ma is the Markstein number which is defined as Ma = Ly, /5. Ze is
the Zeldovich number, Le.y is the effective Lewis number, and o is the
thermal expansion coefficient (i.e. the ratio of the unburned mixture
density to the burned gas density). For NHs/air mixtures with a Leys
close to unity (see Fig. 6b), the change of Markstein length is mainly
caused by the variation in flame thickness and thermal expansion
coefficient.
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Fig. 8. Change of the Markstein length with the equivalence ratio for NH3/
air mixtures.
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3.2.3. Effect of the decomposition level

Fig. 9 shows the change of minimum ignition energy with the
ammonia dissociation level for stoichiometric (¢ = 1) and lean (¢ = 0.6)
mixtures. As the level of ammonia dissociation increases, the MIE first
decreases significantly for ¢ < 0.1. This indicates that even a small
amount of ammonia dissociation, e.g., 10 %, can significantly promote
the ignition process. However, once the cracking level exceeds 0.2, the
further increase in c only causes a slight decrease in MIE. This indicates
that the forced ignition process becomes more dominated by hydrogen
chemistry due to the shift in fuel composition caused by partial cracking.
Besides, it is interesting to note that when ¢ > 0.1, the minimum ignition
energy of ¢ = 0.6 is smaller than that of ¢ = 1, while the lean mixture
always shows a greater flame thickness than the stoichiometric mixture
in Fig. 2(b). This indicates that the differential diffusion plays a signif-
icant role in the ignition kernel evolution when Hy becomes abundant.

Fig. 10 shows the change of the normalized flame propagation speed
as a function of the Karlovitz number for spherical flames in lean and
stoichiometric NH3/Hy/Ny-air mixtures. With the increase of partial
cracking level, the Markstein lengths shift from positive to negative from
c¢=0toc=0.2and c = 0.5. It is observed that there are only two stages
of ignition for the lean mixture (¢ = 0.6) at c = 0.2 and ¢ = 0.5, i.e. the
ignition energy induced ignition kernel propagation regime (Regime I)
and the quasi-steady flame propagation regime (Regime II), which can
be distinguished by the different rates of decrease in flame speed. This
can be explained by the enrichment in the radical pool and the enhanced
mixture reactivity after fuel cracking, which accelerates the transition
process. Thus, the ignition kernel can directly enter the quasi-steady
flame propagation zone without going through the transition regime.
For ¢ = 1, the flame propagation still shows three stages due to the
density change in the transition zone (when plotting the displacement
speed as a function of the Karlovitz number, the transition zone
vanishes).

Fig. 11(a) shows the change of the Markstein length with the
ammonia dissociation level for stoichiometric and lean NHs/Hy/Ny
mixtures. It is observed that under both stoichiometric and lean condi-
tions, the Markstein length transitions from positive to negative as the
ammonia dissociation level increases, particularly when ¢ < 0.2. Sub-
sequently, the Markstein length experiences a gradual increase, and it
even returns to positive values for ¢ = 1.

As discussed earlier in Eq. (9), the Markstein length is primarily
determined by the effective Lewis number, flame thickness and thermal
expansion ratio. As shown in Fig. 11(b), when there is no fuel

40
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L B RER
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E. . (mJ)

Fig. 9. Change of the minimum ignition energy with the fuel cracking level for
stoichiometric (¢ = 1) and lean (¢ = 0.6) NH3/Hy/Ny-air mixtures at Py =
1 atm.
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decomposition, the effective Lewis numbers for both mixtures are
similar, yet the flame thickness for ¢) = 0.6 is greater than that of ¢ = 1.
Therefore, the flame with ¢ = 0.6 exhibits a higher Markstein length. As
¢ increases, for fuel lean conditions, i.e. ¢ = 0.6, the effective Lewis
number of the mixture is primarily influenced by the decomposed
ammonia/hydrogen/nitrogen mixture. Among these components,
ammonia has a Lewis number close to unity, while hydrogen, being the
reactant with the highest diffusivity, has a Lewis number significantly
lower than unity. Consequently, as more hydrogen is produced at higher
decomposition levels, the effective Lewis number decreases with the
decomposition ratio for ¢ = 0.6. However, under stoichiometric con-
ditions, the effective Lewis number is determined by both fuel and
oxidant. As ammonia decomposes, the effective Lewis numbers of the
fuel and the oxidant change in opposite directions. Therefore, the
effective Lewis number of the mixture initially decreases and then in-
creases due to the competing effects. Despite this, the variation in the
effective Lewis number is very small, with the value remaining around
unity. As ¢ increases, the disparity between the two effective Lewis
numbers gradually expands. Within the range of 0 < ¢ < 0.2, the flame
thickness experiences a sharp decline as c¢ increases, leading to a
reduction in the Markstein length. When ¢ > 0.2, the effective Lewis
number increases to above unity for stoichiometric mixtures, while the
flame thickness remains essentially unchanged. This leads to a notable
increase in the Markstein length, which shifts from negative to positive
values. For the flame with ¢ = 0.6, as c¢ increases, both the flame
thickness and effective Lewis number remain relatively constant.
Therefore, only a moderate increase is observed in the Markstein length.
In this study, we consider one-dimensional flame propagation. There-
fore, the flame stability has not been considered in our simulations. It
should be noted that on fuel lean side (¢ = 0.6), the effective Lewis
number and flame thickness are both reduced by fuel decomposition.
Therefore, the thermal-diffusion instability and hydrodynamic insta-
bility become stronger and the cellular structure are expected to appear
earlier for higher cracking level [15,16].

3.2.4. Effect of the initial pressure

In practical engines, the operating conditions usually cover a wide
range of pressures. Therefore, in this subsection, the effect of pressure on
forced ignition is assessed.

Fig. 12 shows the variation of the MIE with the initial pressure in
stoichiometric NH3/Hy/Ny-air mixtures with ¢ = 0 and ¢ = 0.2. When ¢
=0, it is observed that the MIE initially decreases slightly from 6.625 mJ
at Pp =1 atm to 6.375 mJ at Py = 2 atm. Counterintuitively, the increase
in initial pressure does not always reduce the MIE. Rapid increase in the
MIE to 21.625 mJ at Py = 10 atm is observed in Fig. 12.

The non-monotonic trend of MIE can be explained by the two phases
during the forced ignition process: (1) thermal runaway and formation
of an ignition kernel and (2) transition of the ignition kernel into a self-
sustained propagating flame [36-38]. As the initial pressure increases,
the density of the mixture increases. With the same energy input, the
specific energy of the mixture (i.e. energy per unit mass) decreases,
leading to a smaller temperature rise in the energy deposition region. On
the other hand, higher pressure reduces the flame thickness and pro-
motes flame propagation. These two effects compete with each other,
resulting in different scenarios of ignition failure observed in the simu-
lations. In the case of high initial pressure (Py > 2 atm), the chemical
heat release rate sharply declines to zero and the temperature drops
below 800 K when ignition energy is less than MIE. This indicates that
the mixtures are not ignited at all after the end of continuous external
energy input. Therefore, the successful ignition of ammonia/air mix-
tures is limited by thermal runaway and the MIE increases with the
initial pressure. However, in terms of the low initial pressure (Py < 2
atm), thermal runaway can easily occur and the difference between
successful and unsuccessful cases appears until the kernel expansion.
This indicates that the successful ignition is limited by the flame dy-
namic effect and the flame propagation is enhanced by higher pressure.
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Fig. 10. Change of the normalized flame propagation speed with the Karlovitz number for (a) lean and (b) stoichiometric NHz/Hy/Ny-air mixtures.
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Fig. 12. Change of the MIE with the initial pressure for stoichiometric NHs/Hy/
Ny-air mixtures with ¢ = 0 and ¢ = 0.2.

When there is partial ammonia decomposition (¢ = 0.2), the ignition
process is always limited by thermal runaway. Therefore, the minimum
ignition energy increases monotonically from 2.75 mJ at Py = 1 atm to
16.625 mJ at P = 10 atm.

It should be noted that the above results are case specific. The min-
imum ignition energies depend largely on both 7;; and R;,. As shown in
Fig. 12, if the duration and radius of ignition energy deposition are
changed to 7;; = 0.1 ms and R;; = 0.1 mm, the MIE at Po = 5 atm and c
= 0 is reduced from 12.375 mJ to 0.525 mJ, and the MIE at ¢ = 0.2 is
reduced from 8.75 mJ to 0.07 mJ. This suggests that it is crucial to adapt
the ignition parameters, e.g. ignition radius and ignition duration, to
enhance the ignition of NHg/Hy/Ny-air mixtures in practical spark
ignition systems.

Fig. 13 shows the change of the normalized flame propagation ve-
locity with the Karlovitz number at different initial pressures. It can be
found that, for both ¢ = 0 and ¢ = 0.2, as the initial pressure increases,
the flame propagation process gradually transitions from three stages to
two stages. This is because the increased pressure reduces the flame
thickness, which accelerates the diffusion of the reactants and raises the
flame temperature, leading to an enrichment in the radical pool [39]. As
a result, the ignition kernel can directly enter the normal flame propa-
gation regime from the initial ignition induced regime without going
through the transition process.

4. Conclusions

In this study, transient simulations considering detailed chemistry
and transport are conducted to investigate the forced ignition and
spherical flame propagation in partially fuel cracked ammonia/air
mixtures. The effects of equivalence ratio, initial pressure and partial
fuel cracking on the minimum ignition energy, spherical flame
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Fig. 13. Change of the normalized flame propagation speed as a function of Karlovitz number for NH3/H,/Ny-air mixtures with (a) ¢ = 0 and (b) ¢ = 0.2 under

different initial pressures.

propagation speed and Markstein length are examined.

First, the unstretched laminar flame properties under different
equivalence ratios and different fuel cracking levels are evaluated.
Compared to the fuel-lean and fuel-rich conditions, the flame shows a
strong intensity at the stoichiometric conditions. Besides, it is found that
the flame structures are very sensitive to partial fuel cracking. A small
amount of ammonia decomposition can greatly facilitate flame propa-
gation since the laminar flame speed is greatly increased. Then, the ef-
fects of partial ammonia cracking at different equivalence ratios and
initial pressures on forced ignition and spherical flame propagation are
investigated, which can be quantified by the MIE and Markstein length
respectively. Due to the combined effect of the effective Lewis number,
flame thickness and thermal expansion coefficient, the MIE and
Markstein length both show a non-monotonic variation over the
equivalence ratio range of ¢ = 0.6 ~ 1.5, reaching a minimum value at
¢ = 0.9. Therefore, ¢ = 0.9 is the theoretical equivalence ratio for
efficient ignition in partial thermal decomposition combustion tech-
nology. In terms of partial fuel cracking, it is found that even a small
amount of decomposition can greatly reduce the MIE and promote
forced ignition. However, a further increase in fuel decomposition level
does not obviously reduce the MIE. Therefore, effective ignition
enhancement through fuel cracking can be achieved by choosing proper
values of decomposition level, e.g. ¢ = 0.2. Finally, the anomalous
variation of minimum ignition energy with pressure is discovered and
explained. The dominated ignition phases at different initial pressures
are identified and the effects of initial pressure on different ignition
phases are assessed and interpreted. Furthermore, it is found that
effective ignition at different pressures can only be achieved by choosing
proper ignition radius and ignition duration. Therefore, in practical
spark ignition, the plasma discharge (i.e. pulse duration time) and
electrode characteristic (i.e. gap distance) should be selected with
caution.

This work provides useful insights into the promotion of initiation
and flame propagation in ammonia/air mixture through partial
ammonia cracking. Here we consider forced ignition in a static mixture.
In practice, the ignition is strongly affected by mixing between fuel and
air, flow and turbulence [36,37,40], which needs to be explored in
future studies.
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