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Abstract 20 

Directly using liquid ammonia in combustion devices can simplify the fuel supply 21 
system and reduce equipment costs. However, the detailed ignition and propagation 22 
mechanisms of liquid ammonia flames have not been fully understood. This study 23 
aims to investigate the ignition and propagation of liquid ammonia flames 24 
numerically under various conditions. Spherically expanding liquid ammonia flames 25 
are studied using detailed chemistry. The effects of initial temperatures, droplet 26 
diameters, equivalence ratios, and heat fraction are investigated. The results indicate 27 
that the rapid flash boiling of liquid ammonia droplets leads to a strong local heat loss, 28 
hindering the ignition and propagation of the flame. Preheating can significantly 29 
increase the reaction rate, which compensates for the heat loss caused by phase 30 
change, allowing the flame kernel to ignite and propagate outwards. While droplet-31 
flame interaction is present but not significant due to the rapid evaporation of liquid 32 
ammonia. The effect of droplet on the flame surface curvature is only distinguishable 33 
at conditions of large diameter. Equivalence ratio and ammonia heat fraction ratio 34 
change the amount of liquid ammonia. The more liquid ammonia, the more heat is 35 
absorbed by the phase change process, making the flame more difficult to be ignited. 36 

Keywords: Liquid ammonia combustion, Numerical simulation, Spherically expanding 37 
flames, Ignition and propagation 38 

1 Introduction 39 

In order to achieve the goal of reducing carbon emissions and sustainable energy 40 
use, ammonia, as one of the alternative and carbon-free fuels, has recently received 41 
more and more attention. Because of the well-established infrastructure for ammonia 42 
storage and transport [1,2], ammonia has broad prospects in the long-term goal of 43 
reducing carbon emissions. Remarkable progress has been made in recent decades. 44 
Much basic and applied research has been carried out on ammonia combustion. For 45 
example, the fundamental combustion characteristics of ammonia [3] and its co-firing 46 
with methane [4] and hydrogen [5] flames, such as flame speed and emission, have 47 
been advanced on various fronts. The investigation of using ammonia in many 48 
engineering devices, including internal combustion engines (ICEs), marine engines, 49 
and gas turbines, has also been explored in several experimental [6,7], analytical [8] 50 
and numerical studies [9,10] in terms of flame stability, emission control and flame 51 
characteristics. These studies have mainly focused on the combustion of gaseous 52 
ammonia. However, ammonia is usually stored in the liquid phase. Direct combustion 53 
of liquid ammonia can reduce the cost and complexity of fuel supply systems for 54 
engineering devices, which reduces about 7 - 9 % of the consumption of generated 55 
power for the vaporisation process and the start-up time in gas turbines (GTs) [11]. 56 
There is also no need to modify the fuel supply system of ICEs too much [12], and 57 
liquid ammonia is suitable for ICEs with high octane ratings [13]. However, relatively 58 
little effort has been devoted to the study of liquid ammonia combustion. 59 
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Several studies have investigated the liquid ammonia combustion in ICEs and 60 
GTs. Li et al. [12] investigated the dual-fuel modes of liquid ammonia combustion 61 
engines both experimentally and numerically, specifically the low- and high-pressure 62 
injection dual-fuel (LPDF and HPDF) modes. This study pointed out that the 63 
maximum ammonia fraction is about 80% and 97% in LPDF and HPDF modes, 64 
respectively. The thermal efficiency, exhaust loss, and emission characteristics were 65 
also compared with those of the pure diesel engines. The results shown that LPDF had 66 
the potential to achieve a higher efficiency and HPDF can reduce the emission. Zhou 67 
et al. [14] further studied the liquid ammonia/diesel dual fuel marine engines in HPDF 68 
mode experimentally and numerically. They indicated that the NOx emissions level 69 
can be reduced by about 47% in the optimized HPDF mode. Liu et al. [15] numerically 70 
investigated the combustion and emission characteristics of liquid ammonia 71 
preliminary based on a two-stroke marine engine. Zhang et al. [16] further studied 72 
the performance of a two-stroke liquid ammonia/diesel engine through experimental 73 
validation and evaluation under different conditions. They indicated that liquid 74 
ammonia flame can be enhanced by the ignition of diesel flame and the thermal 75 
efficiency was also increased. Meanwhile, several works about liquid ammonia 76 
combustion were conducted in the context of gas turbines. Zembi et al. [17] 77 
investigated the injection process of ammonia using Reynolds Averaged Navier 78 
Stokes (RANs) coupled with the Lagrangian particle method. The numerical results 79 
were validated by the experimental data. The flash boiling phenomenon was 80 
investigated in wide range conditions. The results indicated that there are challenges 81 
to capture the local details of liquid ammonia spray in all the regimes using a single 82 
model or setup. Okafor et al. [11,18] investigated the emissions and flame stability of 83 
liquid ammonia combustion in the single- and two-stage swirl combustors. Some 84 
techniques were employed to enhanced the combustion stability of liquid ammonia 85 
flame in terms of increasing the combustor inlet temperature (CIT), reducing the heat 86 
loss from wall, and blending methane. They pointed out that the pure liquid ammonia 87 
can not be ignited without the preheating because liquid ammonia has large latent 88 
heat. Liquid ammonia spray flame could stabilize after preheating, ever though the 89 
flame height was significant large. Blending methane can reduce the flame height, and 90 
the flammability limit was increased correspondingly. 91 

In the past two years, several studies on liquid ammonia combustion have been 92 
conducted as discussed above [11–18]. However, most research analyzed the 93 
macroscopic characteristics, i.e. thermal efficiency, flame structure/stability, and 94 
emission phenomenon. More detail and fundamental works are still lacked. The 95 
mechanism of stability, ignition, and emission formation for liquid ammonia flames 96 
need to be investigated. The turbulent combustion dynamics of ammonia droplet-97 
laden mixtures, which involve the interplay of flash boiling, heat loss, mass transfer, 98 
reaction thermal chemistry, and flame surfaces, require further exploration. Despite 99 
being of great interest, there have been limited studies on this subject. Hence, the 100 
objective of this work is to gain a deep understanding of the ignition and propagation 101 
mechanisms of liquid ammonia flames by investigating spherical flame propagation 102 
in droplet-laden mixture configurations, using numerical simulations with detailed 103 
chemistry. The main focuses of this study are as follows: 104 
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• To investigate the unique characteristics of liquid ammonia spray flames in 105 
comparison with those of gaseous conditions. 106 

• To clarify the mechanism of flame ignition and propagation caused by the high 107 
initial temperature, and explain experimental phenomena through the 108 
turbulent spherically expanding spray flames. 109 

• To study the effects of droplets diameter, equivalence ratio, and heat fraction 110 
on the ignition and propagation of liquid ammonia spray flames. 111 

The rest of the paper is organized as follows. The mathematical method and 112 
computational details are introduced in Secs. 2 and 3, respectively. Based on these 113 
methods, the results are subsequently investigated and discussed in Sec. 4. The main 114 
findings are summarized in Sec. 5. 115 

2 Mathematical framework 116 

In the present study, simulations of the spherically expanding turbulent flames 117 
of liquid ammonia are performed using the Eulerian–Lagrangian framework [19–21]. 118 
Conservation equations of the gas phase are directly solved without any filtering and 119 
averaging. For the dispersed phase, the Lagrangian method is used to capture the 120 
dynamics of droplets. The two-way coupling approach is used to consider the gas and 121 
particle interactions. This modeling stratagem is similar that in as our previous study 122 
of liquid ammonia spray simulation [22], and is extended to reacting flows in this 123 
study. 124 

2.1 Governing equations of gas phase 125 

The governing equations for mass, momentum, energy, and species mass 126 
fraction of the gas phase are solved as follows: 127 

∂𝜌

∂𝑡
+ ∇ ⋅ (𝜌𝐮) = 𝑆𝜌̇ ,  (1) 128 

∂(𝜌𝐮)

∂𝑡
+ ∇ ⋅ (𝜌𝐮𝐮) = −∇𝑝 + ∇ ⋅ 𝛕 + 𝜌𝐠 + 𝐒𝐮̇ ,  (2) 129 

∂(𝜌ℎ)

∂𝑡
+ ∇ ⋅ (𝜌𝐮ℎ) =

∂𝑝

∂𝑡
+ 𝐮 ⋅ ∇𝑝 + ∇ ⋅ (𝜌𝐷ℎ∇ℎ)

+𝛕: ∇𝐮 + 𝑆̇𝑟𝑒𝑎𝑐 + 𝑆̇ℎ + 𝑆̇𝑟𝑎𝑑 ,

  (3) 130 

∂(𝜌𝑌𝑖)

∂𝑡
+ ∇ ⋅ (𝜌𝐮𝑌𝑖) = ∇ ⋅ (𝜌𝐷𝑖∇𝑌𝑖) + 𝑆̇𝑒𝑣𝑎𝑝,𝑁𝐻3

+ 𝑆̇𝑐𝑜𝑚𝑏,𝑖 ,  (4) 131 

where 𝜌, 𝐮, and 𝑝 are the carrier phase density, velocity, and pressure, respectively. 𝛕 132 
is the viscous stress tensor. 𝐠 is the gravitational acceleration and ℎ is the specific 133 
sensible enthalpy. 𝑆̇𝑟𝑒𝑎𝑐 , 𝑆̇ℎ , and 𝑆̇𝑟𝑎𝑑  are the source term for reaction, evaporation, 134 
and radiative heat, respectively. 𝑌𝑖  is the mass fraction of species 𝑖𝑡ℎ . 𝐷ℎ  and 𝐷𝑖  are 135 
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the thermal diffusivity and mass diffusivity, respectively. 𝑆̇𝑒𝑣𝑎𝑝,𝑁𝐻3
 and 𝑆̇𝑐𝑜𝑚𝑏,𝑖 136 

represent the source terms originated from evaporation and combustion, 137 
respectively. The reaction mechanism developed by Okafor et al. [4] is used to 138 
account for the gas phase chemistry (59 species and 356 reactions), which has been 139 
validated at various conditions [4,10,23]. The Particle-Source-In-Cell (PSIC) method 140 
[24] is employed to account for two-way coupling source terms, which are 141 
responsible for describing gas and particle interactions. 142 

𝑆𝜌̇ = −
1

𝛥𝑉
∑

𝑑𝑚𝑑

𝑑𝑡

𝑁

𝑖

 ,  (5) 143 

𝐒𝐮̇ = −
1

𝛥𝑉
∑

𝑑𝑚𝑑𝐮𝑑

𝑑𝑡

𝑁

𝑖

 ,  (6) 144 

𝑆̇ℎ = −
1

𝛥𝑉
∑

𝑑(𝑐𝑝𝑚𝑑𝑇𝑑)

𝑑𝑡

𝑁

𝑖

 ,  (7) 145 

𝑆̇𝑒𝑣𝑎𝑝,𝑁𝐻3
= −

1

𝛥𝑉
∑

𝑑𝑚𝑑

𝑑𝑡

𝑁

𝑖

 ,  (8) 146 

where, volume of the local computational cell is denoted by 𝛥𝑉, and 𝑁 represents the 147 
number of droplets present in that cell. 𝑚𝑑 , 𝐮𝑑 , 𝑐𝑝, and 𝑇𝑑 are droplet mass, velocity, 148 

specific heat capacity, and temperature, respectively. In case of pure gaseous flames, 149 
𝑆𝜌̇ = 𝐒𝐮̇ = 𝑆̇ℎ = 𝑆̇𝑒𝑣𝑎𝑝,𝑁𝐻3

= 0. 150 

2.2 Governing equations of dispersed phase 151 

The equations of droplets position 𝐱𝑑,𝑖 , velocity 𝐮𝑑,𝑖 , and temperature 𝑇𝑑  are 152 

solved as follows: 153 

𝑑𝐱𝑑,𝑖

𝑑𝑡
= 𝐮𝑑,𝑖 ,  (9) 154 

𝑑𝑚𝑑𝐮𝑑,𝑖

𝑑𝑡
= 𝑚𝑑

3𝜇𝐶𝐷𝑅𝑒

4𝑑2𝜌𝑑
(𝐮𝑖 − 𝐮𝑑,𝑖) + 𝑚𝑑𝐠𝑖  ,  (10) 155 

𝑑𝑇𝑑

𝑑𝑡
= 𝑓ℎ𝑡

𝐴𝑑

𝑚𝑐𝑝

(𝑇∞ − 𝑇𝑑) −
𝑑𝑚

𝑑𝑡
ℎ𝑣 + 𝐴𝑑𝜖 (

1

4
𝐺𝑐 − 𝜎𝑇4) ,  (11) 156 

where 𝑚𝑑  and 𝐮𝑑,𝑖 are droplet mass and velocity component, respectively; 𝐶𝐷 is the 157 

drag coefficient [25]; 𝑑 and 𝜌𝑑  are the droplet diameter and density, respectively; 𝐮𝑖  158 
is the gas phase velocity and 𝐠𝑖  represents the gravitational acceleration. 𝑓  is the 159 

correction coefficient given in [26], calculated by 𝑓 =
−𝑐𝑝,𝑣𝑚̇

𝜋𝑑𝑘𝑁𝑢
/ (𝑒

−𝑐𝑝,𝑣𝑚̇

𝜋𝑑𝑘𝑁𝑢 − 1). Where 𝐴𝑑  160 

is each droplet’s surface area; ℎ𝑡  is the heat transfer coefficient, where ℎ𝑡 =
𝑘𝑁𝑢

𝑑
; and 161 
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𝑘  is the thermal conductivity. Nusselt number (𝑁𝑢 ) is calculated using the Ranz 162 
Marshall heat transfer model [27], 𝑁𝑢 = 2 + 0.6𝑅𝑒1/2𝑃𝑟1/3 ; 𝐺𝑐  is radiation 163 
coefficient, 𝜖  is emissivity coefficient, and 𝜎  is scattering coefficient. 𝑑𝑚𝑑/𝑑𝑡  is 164 
calculated using the phase-change model. 165 

The combined model [28,29] is used to describe the phase change process, as it 166 
has been validated under flash boiling conditions by comparing with the 167 
experimental data in our previous study [22]. It is briefly introduced in the following 168 
for completeness, and the interested readers can refer to Ref. [22] for the details. In 169 
case of evaporation conditions, the mass of phase change is calculated by 170 

𝑑𝑚

𝑑𝑡
=

𝑚𝑑

𝜏𝑑
(

𝑆ℎ

3𝑆𝑐
) ln(1 + 𝐵𝑀) ,  (12) 171 

where 𝜏𝑑  is the droplet response time, calculated by 𝜏𝑑 =
𝜌𝑑𝑑2

18𝜇𝑐
, where 𝜌𝑑 , 𝑑, and 𝜇𝑐 172 

are droplet density, diameter, and dynamic viscosity of the carrier gas, respectively. 173 
The Sherwood 𝑆ℎ and Schmidt 𝑆𝑐 numbers are given by 𝑆ℎ = 2.0 + 0.552𝑅𝑒1/2𝑆𝑐1/3 174 
and 𝑆𝑐 = 𝜇/(𝜌𝐷𝑖), respectively. 𝐵𝑀 is the Spalding mass transfer number evaluated 175 

as 𝐵𝑀 =
𝑌𝑠−𝑌∞

1−𝑌𝑠
, where 𝑌𝑆  and 𝑌∞  represent the vapor mass fractions at the droplet 176 

surface and in the surrounding region, respectively. In case of boiling conditions, the 177 
mass of phase change is calculated by 178 

𝑑𝑚

𝑑𝑡
= 𝑚̇𝑓𝑙𝑎𝑠ℎ + 𝑚̇𝑡 .  (13) 179 

The total phase change rate is contributed by superheated flash boiling rate 180 
𝑚̇𝑓𝑙𝑎𝑠ℎ and the evaporation rate caused by outer heat transfer 𝑚̇𝑡. The flash boiling 181 

part is given by 182 

𝑚̇𝑓𝑙𝑎𝑠ℎ = 𝜋𝑑2𝛼𝑆

(𝑇𝑑 − 𝑇𝑏)

ℎ𝑣
 ,  (14) 183 

where 𝑇𝑑 and 𝑇𝑏 are the internal and boiling temperatures of droplets, respectively. 184 
𝛼𝑆  and ℎ𝑣  are overall heat transfer coefficient and the latent heat of vaporization, 185 
respectively. The Adachi correlation is used to calculate the value of 𝛼𝑆, which is then 186 
used to determine the overall heat transfer coefficient [30]. The other part of 187 
evaporation rate is evaluated by 188 

𝑚𝑡̇ = 𝜋𝑑
𝐾𝑆ℎ

𝑐𝑝

1

1 + 𝑚𝑓𝑙𝑎𝑠ℎ̇ /𝑚𝑡̇
× ln (1 +

ℎ𝑔 − ℎ𝑠

ℎ𝑣
(1 +

𝑚𝑓𝑙𝑎𝑠ℎ̇

𝑚𝑡̇
)) ,  (15) 189 

where 𝐾 represents the thermal conductivity. ℎ𝑔 and ℎ𝑠 represent the enthalpy of the 190 

carrier gas and vapor, and latent heat of liquid ammonia vaporization, respectively. 191 
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3 Computational setup and solution algorithm 192 

Centrally-ignited spherically expanding liquid ammonia flames with different 193 
unburnt temperatures ( 𝑇 ), droplet diameters ( 𝑑 ), equivalence ratios ( 𝜙 ), and 194 
ammonia heat value fractions (𝜉𝑁𝐻3

) are considered for the present investigation as 195 

listed in Table 1. The two-dimensional (2-D) computational domain has a size of 𝐿𝑥 ×196 
𝐿𝑦  = 20 × 20 mm2 , with a uniform mesh resolution of 512 × 512, as shown in Fig. 197 

1(a). The mesh resolution is 39 𝜇m, which not only ensures more than 20 grid points 198 
within the flame thermal thickness but also ensures the minimum size of grid is larger 199 
2.6 times than droplet diameter. 200 

Table. 1: Summary of the conditions and parameters. 201 

I
D 

𝜙 

[-] 

𝜉𝑁𝐻3
 

[-] 

𝑇 

[K] 

d 

[𝜇m
] 

𝑛𝑑 

[-] 

𝑆𝑙 

[cm/s
] 

𝛿𝑙  

[𝜇m] 

𝜂𝑘 [1] 

[𝜇m] 

𝑅𝑒𝑡 
[2] 

[-] 

𝐾𝑎 
[3] 

[-] 

𝐷𝑎[4
] 

[-] 

0 
0.
9 

1.0 
50
0 

10 3720 16.83 
1456.4

8 
118.4

7 
84.44 0.24 38.14 

1 
0.
9 

1.0 
50
0 

- - 16.83 
1456.4

8 
118.4

7 
84.44 0.24 38.14 

2 
0.
9 

1.0 
30
0 

10 6201 5.71 
2295.1

7 
60.08 

208.8
1 

1.76 8.21 

3 
1.
1 

0.7 
50
0 

5 
2514

5 
28.23 982.54 

118.5
3 

84.38 
0.09

7 
94.82 

4 
1.
1 

0.7 
50
0 

10 3143 28.23 982.54 
118.5

3 
84.38 

0.09
7 

94.82 

5 
1.
1 

0.7 
50
0 

15 931 28.23 982.54 
118.5

3 
84.38 

0.09
7 

94.82 

6 
0.
9 

0.7 
50
0 

10 2668 24.54 
1039.8

9 
118.2

6 
84.63 0.12 77.88 

7 
1.
0 

0.7 
50
0 

10 2910 27.81 976.93 
118.4

0 
84.50 

0.09
8 

93.94 

8 
1.
1 

0.8 
50
0 

10 3555 25.58 
1083.6

0 
118.6

1 
84.31 0.12 77.90 

9 
1.
1 

0.9 
50
0 

10 3958 23.36 
1185.2

5 
118.6

9 
84.23 0.14 65.04 

[1] Kolmogorov length scale, 𝜂𝑘 = 𝑙𝑡𝑅𝑒𝑡
−0.75, where 𝑙𝑡 is integral length scale measured directly from 202 

the initial turbulence field. 203 

[2] Turbulent Reynolds number, 𝑅𝑒𝑡 = 𝑢′𝑙𝑡/𝜈 , where 𝑢′  is root-mean-square (RMS) turbulent 204 
fluctuation velocity. 205 

[3] Karlovitz number, 𝐾𝑎 = (𝛿𝑙/𝜆)(𝑢′/𝑆𝑙), where 𝛿𝑙  is laminar flame thickness, 𝜆 is Taylor length 206 
scale, 𝜆 = 𝑙𝑡𝑅𝑒𝑡

−0.5, and 𝑆𝑙 is laminar burning velocity. 207 

[4] Damkohler number, 𝐷𝑎=(𝑙𝑡/𝛿𝑙)(𝑆𝑙/𝑢′). 208 
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All boundaries have the Periodic boundary conditions. The left and right parts of 209 
Fig. 1(a) demonstrate the initial velocity and temperature fields with droplets, 210 
respectively. The initial flame kernel locates at the center with the radius of 𝑟0 =211 
3.3 mm, as seen in Fig. 1(a). The fresh mixture with ammonia droplets (randomly 212 
distributed) is filled the rest space. The ignition kernel is initialized by the burnt gas 213 
of fresh mixture in certain conditions. The initial values of temperature and species 214 

are transformed into smooth profiles according to 𝜙 = 𝜙0 +
𝛥𝜙

2
(1 − 𝑡𝑎𝑛ℎ (𝑠 ⋅

𝑟−𝑟0

𝑟0
)) 215 

, where 𝛥𝜙  represents the difference between initial values of burnt and fresh 216 
mixture. The constant 𝑠 measures the stiffness of interface between fresh and burnt, 217 
which is set to 10 following Refs. [31,32]. 218 

 

(a) 

 

(b) 

Figure1: (a) The computational domain and initial configuration of velocity (left) and 219 
temperature fields (right). The black dots and red field are liquid ammonia droplets and 220 
burnt gas, respectively. The burnt gas is used as ignition kernel. (b) Peters-Borghi's 221 
diagram contains the simulation conditions of liquid (blue) and gaseous (red) ammonia 222 
cases. 223 

In total, ten cases are calculated as listed in Table 1, and the conditions are within 224 
the thin reaction and flamelets zones according to the Peters-Borghi’s diagram as 225 
shown in Fig. 1(b). The initial turbulent flow is generated by using the Passot and 226 
Pouquet isotropic kinetic spectrum [33]. The turbulent kinetic energy is calculated by 227 

𝐸(𝑘) =
32

3
√

2

𝜋

𝑢′2

𝑘𝑒
(

𝑘

𝑘𝑒
)

4

𝑒𝑥𝑝 [−2 (
𝑘

𝑘𝑒
)

2

] ,  (16) 228 

where 𝑢′ is the fluctuation velocity. 𝑘 and 𝑘𝑒 are the wave number and most energetic 229 
wave number, respectively. The turbulence integral length scale 𝑙𝑡  and the initial 230 
turbulent fluctuation velocity 𝑢′0  are set 3.3 mm  ( 𝐿𝑖 /6) and 1 m/s , respectively. 231 
Therefore, the initial turbulent Reynolds number, 𝑅𝑒𝑡 = 𝑢′𝑙𝑡/𝜈 , is from 84.38 to 232 
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208.81 for different conditions. The exact values are summarized in Table 1. It should 233 
be pointed that the turbulence in the present study is decaying, and the interactions 234 
of turbulence and combustion might be affected by this treatment. Specifically, 235 
decaying turbulence may decrease the mixing rate and thus slow down the 236 
combustion process, and cause the flame to transition from a turbulent flame to a 237 
laminar flame, and the flame propagation speed may decrease. The initial value of the 238 
minimum Kolmogorov length scale 𝜂𝐾  is about 60 𝜇m . The maximum droplet 239 
diameter is set to 15 𝜇m, which is smaller than the Kolmogorov length scale for all 240 
cases and also the cell size, as suggested by Haruki et al. [34]. The mesh in all the 241 
calculations has a uniform size of 39 𝜇m, which could provide sufficient resolution to 242 
resolve the Kolmogorov and flame thickness. The Stokes number of droplet is 243 

calculated by 𝑆𝑡 =
𝜏𝑝√𝑘

𝐿
 , where 𝜏𝑝 is the particle time scale and 𝐿𝑖/√𝑘 is the turbulent 244 

time scale. The Stokes numbers are smaller than 1.0, indicating that droplets will 245 
follow the fluid motion well. Therefore, the initial droplet velocity is the same as that 246 
of carrier gas, with a temperature of 𝑇𝑑

0 = 273 K. Ammonia flash boiling results in a 247 
strong local heat loss due to its large latent heat. Okafor et al. [11] reported that pure 248 
liquid ammonia flames could be achieved using an air inlet temperature of 500 K, and 249 
preheating the carrier gas is one of the efficient ways for flame stabilization. 250 
Therefore, the pre-heating temperature of carrier gas is set to 500 K for all conditions 251 
except Case 2, which is for comparison. The ammonia droplets will under the boiling 252 
condition in the initial conditions of all cases when the ambient pressure is 1 bar. 253 

The blending ratio, ammonia fraction in the fuel stream is determined in a heat 254 
basis, 𝜉𝑁𝐻3

, calculated by 255 

𝜉𝑁𝐻3
=

𝜒𝑁𝐻3
𝐿𝐻𝑉𝑁𝐻3

𝜒𝑁𝐻3
𝐿𝐻𝑉𝑁𝐻3

+ 𝜒𝐶𝐻4
𝐿𝐻𝑉𝐶𝐻4

 ,  (17) 256 

where 𝜒 and LHV represent the mole fraction and lower heat value, respectively. Note 257 
that methane is premixed with the air and ammonia droplets are randomly 258 
distributed in the unburnt side. The overall equivalence ratio is calculated from 259 

𝜙𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =

𝑚𝐶𝐻4
+ 𝑚𝑁𝐻3

𝑚𝑂2

(
𝑚𝐶𝐻4

+ 𝑚𝑁𝐻3

𝑚𝑂2

)
𝑠𝑡

 ,  (18) 260 

where, 𝑚𝑁𝐻3
= 𝑛𝑑𝑚𝑑. 𝑛𝑑  and 𝑚𝑑  are the droplet number and mass of single droplet, 261 

respectively. 262 

Because of droplet evaporation, the mixture will be inhomogeneous. Bilger 263 
mixture fraction [35] is used here to identify the local fuel sources by 264 

𝑍𝐶𝐻4
=

4

3
𝑌𝐶 , 𝑍𝑁𝐻3

=
17

3
(𝑌𝐻 −

1

3
𝑌𝐶) ,  (19) 265 
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where 𝑌𝑖 is the atom mass fraction for element 𝑖. Therefore, the local mixture fraction 266 
𝑍  can be defined by 𝑍 = 𝑍𝐶𝐻4

+ 𝑍𝑁𝐻3
. Similarly, the progress variable cannot be 267 

defined through oxygen mass fraction and mixture fraction like Refs. [36,37]. Here, 268 
the progress variable 𝑐 is defined based on the gas temperature to describe the flame 269 
evolution and the local reaction process from fresh mixture to burnt gas, 270 

𝑐 =
𝑇 − 𝑇𝑢

𝑇𝑏 − 𝑇𝑢
 ,  (20) 271 

where 𝑇𝑢 and 𝑇𝑏 are fresh and burned gas temperatures, respectively. 𝑇 represents 272 
the local gas temperature. Flame index proposed by Takeno et al. [38] is used to 273 
access the local combustion mode, 274 

𝐹𝐼 =
∇𝑌𝐹 ⋅ ∇𝑌𝑂2

|∇𝑌𝐹 ⋅ ∇𝑌𝑂2
| + 𝜖

 ,  (21) 275 

where 𝑌𝐹 and 𝑌𝑂2
 represents mass fractions of fuel and oxidizer, respectively. 𝜖 is an 276 

infinitesimal positive quantity to avoid dividing by zero. 𝐹𝐼 = -1 and 1 represent the 277 
non-premixed and premixed combustion mode, respectively. 278 

All the calculations were conducted using SprayDCFoam developed based on 279 
OpenFOAM-8 [39,40]. The second-order central differencing scheme is used to 280 
integrate spatial and transient terms, while the Euler-implicit scheme is utilized for 281 
integrating temporal terms. The Courant number is set to be less than 0.1 to ensure 282 
the numerical stability, resulting in a time step of about 1.2 𝜇s. All the simulations 283 
were performed on the supercomputer Fugaku, and each case costs about 14000 core 284 
hours by 960 cores parallel calculation. 285 

4 Results and discussion 286 

In this section, a comparison between liquid and gaseous ammonia flames is 287 
performed first. Subsequently, the impact of various parameters such as initial 288 
temperature, droplet diameter, equivalence ratio, and heat fraction are also 289 
investigated. 290 

4.1 Comparison of liquid and gaseous ammonia combustion 291 

Figure 2 shows gas temperature and distribution of ammonia droplets for Cases 292 
0 and 1 from 𝑡 = 1-10 ms. Cases 0 and 1 calculate the flames of liquid and gaseous 293 
ammonia, respectively, under the same initial conditions (see Table 1). The only 294 
difference is that the ammonia is present in liquid droplets in Case 0 but gaseous in 295 
Case 1. The propagation speed of the gaseous case is faster than that of the liquid case, 296 
and the flame kernel and its surrounding temperatures are also much higher in Case 297 
1. This indicates that ammonia droplets significantly hinder the outward propagation 298 
of the flame kernel. Before the complete evaporation of liquid droplets in Case 0, the 299 
growth flame kernel is not obvious. The droplets nearly completely evaporate until 300 
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10 ms in Case 0. This flash boiling process leads to a strong heat loss, significantly 301 
reducing the surrounding gas temperature and further the flame kernel temperature. 302 

 303 

Figure 2: Temporal evolution of gas temperature for Cases 0 and 1. For Case 0, the 304 
droplets are shown as black dots, and their sizes are determined by their diameters 305 
(enlarged for around 40 times for a clearer observation). 306 

Figure 3 shows instantaneous gas temperature, ammonia mass fraction, heat 307 
release rate, and flame index for Cases 0 and 1 at 𝑡 = 7 ms. Because of the fast phase 308 
change process, temperature and composition stratification exist in liquid ammonia 309 
conditions. Furthermore, the surrounding temperature decreases from an initial 310 
value of 500 K to about 250 K. On the contrary, the surrounding gas temperature in 311 
the Case 1 increases to 530 K due to radiation, convection, and conduction heat 312 
transfer as shown in Fig. 3(a). In Case 0, the low temperature and high ammonia mass 313 
fraction regions are located in the droplet gathering places. In Fig. 3(b), the white 314 
isolines represent 𝑌𝑁𝐻3

/𝑌𝑁𝐻3,𝑠𝑡 = 0.913 , corresponding to the mass fraction of 315 

ammonia when equivalence ratio is 0.9, which are isolated in the areas of droplets in 316 
Case 0 but continuous in Case 1. For the liquid flame, the local fuel/air mixture is 317 
under a relatively leaner condition compared with the gaseous flame due to the phase 318 
change delay, which also contributes to the lower burnt temperature in the liquid 319 
condition. The fields of HRR are shown in Fig. 3(c). The HRR in the liquid condition is 320 
lower than that of the gaseous condition owing to lower local temperature and 321 
equivalence ratio. The distribution of HRR shows the local low value which is related 322 
to the local extinction in the liquid flame, and high HRR zones are located near the 323 
regions where ammonia vapor accumulates (see Fig. 3(b)). However, the distribution 324 
of HRR is continuous and thin in the gaseous condition. As for the local combustion 325 
mode, only the premixed mode occurs in the gaseous condition as shown in Fig. 3(d). 326 
However, both premixed and non-premixed modes exist in the liquid ammonia flame, 327 
and the premixed mode is more dominant because of fast phase change process and 328 
well mixing of the ammonia vapor and oxidizer. This unique characteristic sets liquid 329 
ammonia apart from other conventional liquid fuels such as n-heptane and n-decane. 330 
It indicates that in addition to the flamelet/progress variable (FPV) model commonly 331 
used to deal with non-premixed flames, the flamelet-generated manifolds (FGM) 332 
model suitable for premixed and partially premixed flames may also be applicable for 333 
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simulating liquid ammonia spray combustion. This will serve as a research topic for 334 
the future work of model development. 335 

 336 

Figure 3: Distribution of (a) temperature, (b) normalized ammonia mass fraction, (c) 337 
heat release rate, and (d) flame index for Cases 0 and 1 at t = 7 ms. The iso-lines in (d) 338 
represent regions of HRR values higher than 50% of the maximum HRR value. 339 

4.2 Effect of initial temperature on ignition 340 

To investigate the effect of preheating on ignition and propagation of liquid 341 
ammonia flames, another case with a low initial temperature condition (300K, Case 342 
2) is also calculated. Figure 4 shows the temporal evolution of gas temperature. The 343 
temperature of flame kernel continues to decrease with time. The flame kernel is 344 
heavily wrinkled by the turbulence and is almost extinguished at 𝑡  = 10 ms. This 345 
indicates that the liquid ammonia cannot be ignited without preheating under 346 
conditions of normal temperature and pressure. Compared to Case 0 (𝜙 = 0.9, d = 10 347 
𝜇m, and 𝑇𝑖𝑛𝑖 = 500 K), as shown in the top row of Fig. 2, there are a greater number of 348 
droplets in Case 2 to maintain the equivalence ratio under a lower temperature 349 
(higher density). More droplets mean more latent heat is required and the fresh 350 
air/ammonia droplet mist is more difficult to be ignited. The reduction in the number 351 
of droplets is not significant before 7 ms in Case 2, indicating that the evaporation 352 
rate of ammonia droplet is slower due to the lower temperature. 353 

 354 

Figure 4: Temporal evolution of gas temperature for Case 2. The droplets are shown as 355 
black dots, and their sizes are determined by their diameters (enlarged for around 40 356 
times for a clearer observation). 357 
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 358 

Figure 5: Temporal evolution of mean HRR calculated from the flame surface for Cases 359 
0 and 2 (colored by progress variable). 360 

Figure 5 visualizes the temporal evolution of HRR for Cases 0 (solid lines) and 2 361 
(dash lines). The statistical values are extracted from the flame surface defined by a 362 
progress variable range of 0.8 ≤ 𝑐 ≤ 0.9. The HRR of Case 0 continues to increase 363 
after a slight drop, indicating that the flame has been ignited and is propagating 364 
outwards. This slight drop between 𝑡 = 1 ms - 2 ms is caused by the flash boiling of 365 
liquid ammonia. However, the HRR keeps decreasing when the initial temperature is 366 
300 K (i.e., Case 2) and the flame is completely quenched after 8 ms. Temperature 367 
affects evaporation rate, reaction rate, and thermal properties of the species. High 368 
temperature promotes phase change, which enhances the heat loss. Note that when 369 
the progress variable is defined as the sum of mass fractions of the interested species, 370 
the overall evolution trends remains with a slight difference on the extracted HRR 371 
values. 372 

To further understand why the liquid ammonia flames can be ignited with 373 
preheated carrier gas, the budget analysis of energy equation is conducted as shown 374 
in Fig. 6. The 𝑥- and 𝑦- axis denote the radial location and spatially integrated values 375 
along the radial direction, respectively. The radial direction is illustrated in Fig. 1(a). 376 
The energy involved in flame propagation phenomenon is mainly influenced by the 377 
heat release of reaction 𝑆̇𝑟𝑒𝑎𝑐 (black), phase change 𝑆̇ℎ (red), convection (blue), and 378 
radiation 𝑆̇𝑟𝑎𝑑 (green), which are extracted from Eq. (3). The radiation source term of 379 
Case 0 is always larger than that of Case 2. However, its value is fairly small and 380 
negligible in the current conditions, being 1/100𝑡ℎ of the convection heat transfer. 381 
The percentages of radiative heat flux may be significant when the wall surface is 382 
considered [20]. As for the reaction heat release 𝑆̇𝑟𝑒𝑎𝑐 , in Case 0, with the preheated 383 
carrier gas, it is significantly enhanced compared with that in Case 2, and shows a 384 
trend where in it decreases first and then increases with time, which is consistent 385 
with the trend of HRR along the flame surface as shown in Fig. 5. This indicates that 386 
the reaction heat release is dominant along the flame surface, and the droplets have 387 
a negligible effect. The heat absorbed from the phase change (i.e., 𝑆ℎ̇) is also more 388 
significant in Case 0, indicating an enhanced phase change process. After the quick 389 
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evaporation process, the heat loss from phase change in Case 0 becomes close to 0 for 390 
𝑡 > 3 ms. However, the heat loss of Case 2 continues to maintain a trim level over 391 
time. The value of convection heat transfer in Case 2 is similar to that of Case 0, but it 392 
is still commensurate with reaction heat release, which reduces the kernel 393 
temperature and makes the flame extinct. 394 

The key point of the flame ignition and propagation is the competitive 395 
relationship between reaction heat production and phase change heat loss. Figure 7 396 
demonstrates temporal evolution of the spatial-averaged heat source values. 397 
Radiation is omitted here. The convection shown by the blue color is zero in the global 398 
average. The reaction heat release of the preheating case is significantly larger than 399 
that of the non-preheating case. The value of the phase change sharply decreases with 400 
time. From the enlarged sub-figure of Fig. 7, the heat release and loss from reaction 401 
and phase change in the non-preheating case keep decreasing, and the heat loss from 402 
phase change is always larger than the heat release from the reaction. However, there 403 
are two stages under the preheating condition. In stage (i), the heat loss is larger than 404 
the reaction. In stage (ii), heat loss continues to decrease, but the heat release from 405 
the reaction increases and becomes larger than the heat loss from the phase change. 406 
After stage (ii), there is more net heat production, and the flame will be ignited later. 407 
Therefore, the most crucial reason the liquid ammonia flame can be ignited after 408 
preheating is that the reaction rate is significantly promoted. Although the heat loss 409 
from phase change is also accelerated at high temperatures, the heat loss from phase 410 
change can be compensated by the higher heat release of the reaction. 411 

 412 

Figure 6: Budget analysis of the energy equation along the radial direction. The 413 
radiation term (green) is expanded 100 times for a clear visualization. (a), (b), (c), and 414 
(d) represent 𝑡= 1, 3, 5, and 7 ms. The long dash lines represent the peak locations. 415 
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 416 

Figure 7: Temporal evolution of the spatial-averaged phase change heat loss and 417 
reaction heat release. The black, red, and blue lines represent the reaction term, the 418 
phase change term, and the convection heat transfer term in the energy equation, 419 
respectively. The logarithmic scale is used for y axis in the sub-figure. 420 

4.3 Effect of droplet diameter on flame propagation and wrinkling 421 

Figure 8 presents temperature and mass properties of ammonia droplets of 422 
different diameters (5 μm , 10 μm , and 15 μm  for Cases 3, 4, and 5, respectively) 423 
undergoing flash boiling at atmospheric conditions. As shown in Fig. 8(a), the 424 
temperature of the droplets rapidly decreases in the range of 0 ms ≤ 𝑡 ≤ 2 ms, with a 425 
more pronounced effect for smaller droplets. In this process, heat is transferred from 426 
the surrounding gas to the droplets, leading to an increase in droplet temperature 427 
once the heat loss from the phase change process is outweighed by the heat 428 
absorption from the outside. As a result, the mean temperature of droplets first 429 
decreases and then increases over time for larger droplets (i.e., Case 4 and Case 5), 430 
which is consistent with the findings of Gao et al. [41]. Figure 8(b) depicts the 431 
normalized mass of the ammonia droplets against with time, and the slope of the 432 
curves represents their evaporation rate. In the case of small droplets (Case 3), 433 
complete evaporation occurs rapidly, with a continuous and high evaporation rate. 434 
However, as the diameter increases (Cases 4 and 5), the evaporation rate is relatively 435 
slower than that of Case 3, and much slower with the time, resulting in a longer 436 
droplet lifetime. The gradual decrease in evaporation rate with time in these cases is 437 
a result of the reduction in the temperature difference between the droplets and their 438 
surroundings caused by the strong heat loss. 439 
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(a) 

 

(b) 

Figure 8: Temporal evolution of (a) mean temperature and (b) normalized mean mass 440 
of ammonia droplets for different diameter cases, with a close-up in the region 0 ms< t 441 
< 2 ms. 442 

Figure 9 compares the influence of different droplet diameter on flame 443 
propagation, with a specific focus on the liquid ammonia droplets with large latent 444 
heat. The equivalence ratio, initial temperature, and heat fraction of ammonia are set 445 
in accordance with the parameters specified by Okafor et al. [11]. When the droplet 446 
diameter is 5 𝜇m (Case 3), complete evaporation of the droplets is achieved and the 447 
released ammonia vapor is well mixed with air before arriving the flame surface. This 448 
results in combustion characteristics more similar to gaseous premixed mode for 449 
Case 3. On the other hand, for the cases with droplet diameters of 10 𝜇m (Case 4) and 450 
15 𝜇 m (Case 5), an interaction between the droplets and the flame surface is 451 
observed. In Case 5, droplets penetrate and evaporate near the flame kernel, causing 452 
unburned ammonia pockets near the 𝑐 = 0.5 isoline. The droplets also significantly 453 
wrinkle the flame surface. Due to flash boiling, there are no droplets present within 454 
the high temperature kernel ( 𝑐 > 0.8 ), a phenomenon that is distinct from the 455 
behavior observed in n-heptane flames [42]. 456 
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 457 

Figure 9: Local temperature (top) and NH3 mass fraction (bottom) fields at t = 1 ms 458 
for different droplet diameter cases. White lines represent iso-value lines of progress 459 

Figure 10 displays temporal evolution of the spatial-averaged values for 460 
different droplet diameter cases. As seen in Fig. 10(a), the rapid phase change rate of 461 
small-scale droplets results in a rapid decrease in the gas temperature (see the black 462 
line). Initially, the gas temperature slightly decreases before 5 ms due to strong phase 463 
change process, but gradually increases over time as heat release from the reaction 464 
becomes greater than the heat loss by evaporation. As for HRR shown in Fig. 10(b), in 465 
Case 5, it reaches its peak first due to a relatively shorter ignition delay time, which 466 
will be investigated later. The peak value for Case 4 is greater than that of the other 467 
two cases, suggesting that there is an optimal combination of mixture concentration 468 
and temperature to maximize the peak HRR. As the diameter of the droplets 469 
increases, the rate of evaporation decreases and the local equivalence ratio is 470 
reduced, resulting in a relatively higher local gas temperature. While a lower local 471 
equivalence ratio tends to result in a lower HRR, and the increase in surrounding gas 472 
temperature leads to a larger HRR. The interplay between mixture concentration and 473 
temperature creates a trade-off relationship, with the peak HRR observed for droplet 474 
diameters of approximately 10 𝜇 m. The diameter has limited effect on the 475 
equilibrium product, primarily altering the evaporation rate of liquid ammonia. As a 476 
result, the sequence of spatial-averaged scalars for different species is also influenced 477 
by the droplet diameter as displayed in Fig. 10(c)-(i). 478 
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 479 

Figure 10: Temporal evolution of spatial-averaged (a) gas temperature, (b) heat release 480 
rate, (c) OH, (d) CO2, (e) CO, (f) H2O, (g) NH3, (h) NO, and (i) N2O mass fractions for 481 
different diameters of liquid ammonia droplets. 482 

The analysis of the ammonia mass fraction along the flame surface in different 483 
cases has revealed distinct patterns in Fig. 9. In Case 3, the ammonia mass fraction is 484 
observed to be closer to the stoichiometric mixing fraction, which is a more favorable 485 
condition for ignition as found in previous study [43]. However, for Cases 4 and 5, the 486 
ammonia mass fractions along the flame surface exhibit a stratified distribution, 487 
leading to the reaction taking place at conditions farther away from the 488 
stoichiometric condition. Despite these regularities, it is discovered that the reaction 489 
rates for Cases 4 and 5 are higher than that of Case 3. This outcome is attributed to 490 
the significant impact that the temperature change associated with phase change has 491 
on the reaction rate, as well as the effect of local equivalence ratio. To better clarify 492 
their relative importance, ignition delay times (IDTs) under different temperatures 493 
and equivalence ratio conditions are calculated using the Cantera code package [44], 494 
as illustrated in Fig. 11. The configurations of initial pressure and heat fraction are 495 
held constant for the corresponding gaseous cases. It is found that temperature has a 496 
much more significant impact on the IDTs compared to that of the equivalence ratio. 497 
In the case of small diameter droplets (i.e. Case 3), the surrounding gas temperature 498 
is found to be much lower, leading to increased IDTs and makes it more difficult for 499 
the flame to propagate outwards. 500 

In this study, the flame surface is defined as the locations where 𝜓(𝐱, 𝑡)  =  0. The 501 
fresh mixture is represented by 𝜓 < 0 and the burnt gas by 𝜓 > 0. The flame surface 502 
is described mathematically by the function 𝜓(𝐱, 𝑡)  =  𝑐 − 𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒, where 𝑐𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is 503 

selected as 0.2, 0.5, and 0.8. The effect of droplets on the flame surface can  504 
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 505 

Figure 11: IDTs of NH3/CH4 flames under the various temperatures and equivalence 506 
ratios conditions. 507 

be analyzed by considering the flame curvature 𝜅, which is defined as 𝜅 =  −∇ ⋅ 𝐧. 508 
Here, 𝐧 =  ∇𝜓/|∇𝜓| is the unit normal to the flame surface, pointing towards the 509 
burnt gas [45]. The probability density function (PDF) statistics of 𝜅 for Case 3, 4, and 510 
5 are shown in Fig. 12 The values of 𝜅 are obtained from the iso-surfaces of 𝑐 = 0.2, 511 
0.5, and 0.8, respectively. The PDF of all cases indicates that the flame surface is 512 
primarily convex towards the burnt side, with a higher probability of positive 513 
curvatures than negative. This trend is more pronounced in the larger diameter 514 
droplets. The PDF of Case 5 (d = 15 𝜇m) shows a wider distribution of 𝜅 values than 515 
those of Cases 3 and 4 (d = 5 and 10 𝜇m) due to the greater wrinkling effect of the 516 
droplets on the flame surface. This phenomenon has been observed in previous 517 
experiments and numerical studies [42,46]. However, the flashing behavior of liquid 518 
ammonia results in differences in the wrinkling effect compared to studies of iso-519 
octane and n-heptane flames, i.e., most of the droplets in the liquid ammonia flames 520 
quickly evaporate before reaching the burnt gas region, leading to a relatively 521 
insignificant influence of the droplets on the wrinkling of the flame surface on the 522 
burnt side (𝑐 = 0.8). 523 

 524 

Figure 12: PDF distribution of κ along the flame surface which is defined by c = (a) 0.2, 525 
(b) 0.5, (c) 0.8 between three cases with different diameters. The color and styles of lines 526 
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are the same with Fig. 10. The black, red, and blue lines represent Cases 3 (d=5 µm), 4 527 
(d=10 µm), and 5 (d=15 µm), respectively. 528 

4.4 Effect of equivalence ratios and heat fractions on flame propagation 529 

The present study also examines the impact of equivalence ratios and heat 530 
fractions on the flame propagation. In Fig. 13(a), the propagation of flames is 531 
presented under different 𝜙. The initial temperature and heat fraction ratio are fixed 532 
at 500 K and 0.7, respectively, as the configuration of the experiment in Ref. [11]. It is 533 
observed that as 𝜙 increases, the propagation ability, as indicated by the size and 534 
temperature of flame kernels, decreases. This trend is consistent with the findings in 535 
Fig. 9 of Okafor’s work [11]. In gaseous conditions, the highest heat release rate, flame 536 
speed, and temperature are observed at stoichiometric conditions, which is in 537 
contrast to the liquid ammonia conditions. This difference is attributed to the 538 
dominant effect of heat loss due to phase change. As 𝜙 increases, the total mass of 539 
ammonia increases, leading to a higher latent heat of vaporization and a lower 540 
ambient temperature, which slows down the rate of chemical reactions and reduces 541 
the flame propagation ability. A similar trend is evident in Fig. 13(b), which depicts 542 
the instantaneous temperature field of flame kernel evolution for different ammonia 543 
heat fraction ratios. The equivalence ratios and initial temperatures are fixed at 1.1 544 
and 500 K, respectively, for all cases. It is observed that the size and temperature of 545 
flame kernels decrease as 𝜉𝑁𝐻3

 increases. Notably, the flame tends to be quenched at 546 

𝜉𝑁𝐻3
 = 0.9. The reduction in flame propagation ability with increasing 𝜉𝑁𝐻3

 can be 547 

attributed to two main factors. Firstly, as observed in Fig. 13(a), a higher heat fraction 548 
ratio results in an increased amount of liquid ammonia, which leads to a higher latent 549 
heat and a lower temperature, thereby limiting flame expansion. Secondly, a decrease 550 
of methane content in the fuel blends leads to a reduction in the reaction intensity, as 551 
reported in Ref. [47]. These two factors work towards the same direction to reduce 552 
flame propagation ability. Therefore, under the same initial temperature conditions, 553 
flame propagation is limited and can even result in extinction with increasing 𝜉𝑁𝐻3

. 554 

A quantitative analysis of the difference between global heat release rate and 555 
phase change heat loss, as well as the mean temperature as shown in Fig. 14. As seen 556 
in Fig. 7, the heat transfer during the flame propagation process is primarily driven 557 
by chemical reactions and phase change. The process of flame propagation can be 558 
divided into two stages, as shown in Figure 14(a). The negative value in the difference 559 
represents stage (i), while the positive value represents stage (ii). The competition 560 
between the heat release from reactions, denoted by 𝑄𝑟 , and the heat loss due to 561 
phase change, denoted by 𝑄𝑝, determines the ability of the flame kernel to expand. 562 

Hence, the difference between 𝑄𝑟 and 𝑄𝑝 can be used to quantitatively describe the 563 

flame propagation ability. 564 
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(a) 

 

(b) 

Figure 13: Instantaneous field of temperature: (a) The comparison between different 565 
equivalences and (b) ammonia heat fractions. The droplets are shown as black dots, and 566 
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their sizes are determined by their diameters (enlarged for around 40 times for a clearer 567 
observation). 568 

A negative value of the difference indicates that the heat loss is dominant, leading 569 
to a decrease in the global temperature as shown in Fig. 7(b). As ignition progresses, 570 
the temperature difference decreases and reaches zero in sequence. The order is 571 
related to the total mass fraction of liquid ammonia. The higher the mass fraction, the 572 
longer it takes to reach equilibrium. After reaching equilibrium, the global 573 
temperature increases in the same order. However, due to the significant heat loss 574 
during stage (i), the temperature of Case 9 is too low to ignite, and the difference value 575 
and temperature remain at 0 and below 500 K, respectively. This result highlights the 576 
importance of ensuring that the temperature after the first stage of ignition is not too 577 
low, in order to allow the liquid ammonia flame to enter the second stage of ignition. 578 

 

(a) 

 

(b) 

Figure 14: (a) Temporal evolution of the difference between global heat release rate and 579 
phase change heat loss. (b) Temporal evolution of the mean temperature of gaseous 580 
field. 581 

The distribution of HRR in the mixture fraction space (𝑍, defined as 𝑍 = 𝑍𝐶𝐻4
+582 

𝑍𝑁𝐻3
) is analyzed to investigate the contributions of methane and ammonia mass 583 

fractions to the overall HRR under various equivalence ratio conditions, as illustrated 584 
in Fig. 15. The scatter are colored with the ammonia fraction in the local stream, 585 
calculated by 𝑍𝑁𝐻3

/(𝑍𝑁𝐻3
+ 𝑍𝐶𝐻4

). The data is extracted at t = 7 ms, which is a specific 586 

time instant during the process of ignition as shown in Fig. 13. At this time, the flame 587 
begins to spread outward significantly, and the temperature and heat release rate 588 
also increase significantly. With increasing 𝜙 (from Fig. 15(a)-(c)), the maximum HRR 589 
decreases due to the significant heat loss from the phase change of flashing liquid 590 
ammonia. The percentage of 𝑍𝐶𝐻4

 in the high HRR region becomes higher with 591 

increasing 𝜙, indicating that the contribution from methane to ignition becomes more 592 
pronounced. This is because the reactions related to methane are easier to activate, 593 
particularly in low-temperature conditions, and when 𝜙  increases, the ambient 594 
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temperature decreases significantly due to the large latent heat from the phase 595 
change of liquid ammonia. The stoichiometric condition mixture fraction is 0.118, and 596 
most of the reaction heat is released on the lean side, which is consistent with 597 
previous studies [42,48]. This trend becomes more pronounced at higher 𝜙 598 
conditions. Overall, these results demonstrate that the optimal equivalence ratio is 599 
not a crucial factor for liquid ammonia flame propagation, the reaction primarily 600 
occurs on the lean side, and heat loss from the phase change has a significant impact 601 
on the propagation process. 602 

 603 

Figure 15: The HRR distribution in the space of mixture fraction 𝑍 for (a) 𝜙 = 0.9, (b) 𝜙 604 

= 1.0, (c) 𝜙  = 1.1. The scatters are colored by 𝑍𝑁𝐻3
/(𝑍𝑁𝐻3

+ 𝑍𝐶𝐻4
) . The dash lines 605 

represent that 𝑍 for corresponding global equivalence ratio. 606 

 607 

  

(a) (b) 

Figure 16: Variation of emission with the global equivalence ratio from experimental 608 
measurement (dash lines) and numerical simulation (square dots) in the same 609 
conditions, i.e., 𝜉𝑁𝐻3

 = 0.7, Tinitial = 500 K. 610 

The emissions of NH3, NO, NO2, N2O, and HCN in the burnt region at t=10 ms are 611 
depicted in Fig. 16. The experimental data under similar mixture conditions and 612 
initial temperature are included for comparison [11]. As seen in Fig. 16(a), the 613 
emission of NH3 is minimal due to complete combustion under fuel-lean conditions. 614 
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The emission of NH3 increases with increasing 𝜙. The emission of NO decreases with 615 
increasing 𝜙 from a significantly high value to a low one. The trends of NO2, N2O, and 616 
HCN emission with the global equivalence ratios are depicted in Fig. 16(b). NO2 shows 617 
the same trend as NO emission, while N2O shows the opposite trend. The emission of 618 
HCN also shows a positive relationship with 𝜙. These results indicate that to control 619 
NOx emissions, liquid ammonia should also be conducted in fuel-rich conditions. 620 

5 Conclusions 621 

In the present study, the spherical flame propagation in liquid ammonia-laden 622 
mixtures was numerically investigated with detailed chemistry. The verified 623 
combined model was employed to describe the flash boiling process of the liquid 624 
ammonia droplets. A comparison between liquid and gaseous ammonia flames was 625 
conducted. The effects of initial temperature, diameter, equivalence ratio, and 626 
ammonia heat fraction on the flame ignition, propagation, heat release rate, and 627 
structure were also investigated. The main results and findings are summarized as 628 
below: 629 

1) Ammonia droplets significantly reduce the flame propagation speed and heat 630 
release due to the strong local heat loss caused by the flash boiling. As a result of the 631 
fast phase change, the premixed mode is more dominant than the non-premixed 632 
mode in ammonia spray flames. 633 

2) Preheating plays a crucial role in ignition, and the liquid ammonia cannot be ignited 634 
at normal temperatures without preheating. The ignition process has two stages, and 635 
the flame kernel could only spread outward after entering the second stage. The 636 
competition between reaction heat production and phase change heat absorption is 637 
the dominant factor in the ignition of liquid ammonia, as identified from the energy 638 
equation budget analysis. 639 

3) Smaller droplets quickly flash, significantly reducing the temperature but 640 
increasing the local mixture fraction. The flame-droplet interaction is more 641 
pronounced in large diameter cases, with local heat loss near the droplets causing 642 
local extinction, but without significant influence on the burnt side gas. 643 

4) As for the effects of equivalence ratios and heat fractions, the main difference in 644 
flame propagation characteristics comes from the proportion of liquid ammonia, 645 
which brings different levels of heat loss. Stoichiometric conditions are no longer the 646 
most suitable condition for ignition. Under conditions of high equivalence ratios, the 647 
contribution of methane oxidization to the ignition process is significant. 648 
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