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Abstract 

Liquid ammonia combustion has become a focal point in current ammonia combustion research due to its potential 

to simplify fuel supply systems, reduce costs, and improve the responsiveness of combustion systems. In this 

study, the spray characteristics of liquid ammonia close to the nozzle and jet flame structure are experimentally 

and numerically investigated. The spray characteristics of liquid ammonia generated using an ammonia piloted 

jet spray burner (AJSB) are measured using Particle/Droplet Image Analysis (PDIA). The liquid ammonia jet 

flame structure is further analyzed using a quasi-carrier-phase Direct Numerical Simulation (quasi-DNS) coupled 

with a detailed chemistry under the Euler-Lagrangian framework. The experimental results indicate that the liquid 

ammonia undergoes flash boiling inside the injection tube, with only 22.8% of the ammonia remaining in the 

liquid state after injection, and the atomized droplets have an average diameter of less than 40 μm. On the other 

hand, the quasi-DNS results show that flash evaporation leads to a low axial flame temperature, with droplets 

confined to the low-temperature region and almost completely evaporating before reaching the flame front. In 

addition, the results indicate that the expansion of the reaction zone in the liquid ammonia jet flame is a process 

that develops spatially from upstream to downstream while being influenced by the interactions between local 

eddies and the flame. This behavior is consistent with the findings reported in gaseous ammonia jet flames, a 

similarity attributed to the characteristics of liquid ammonia flash evaporation, resulting in combustion 

characteristics similar to those of gaseous ammonia. 
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1. Introduction 

In order to achieve the goal of reducing carbon 

emissions and sustainable energy use, the 

combustion of ammonia, as one of the alternative 

energy, hydrogen carriers, and carbon free fuels, has 

recently received increasing attention [1]. Because 

of the well-established infrastructure for ammonia 

storage and transport, ammonia has broad prospects 

in the long-term goal of reducing carbon emissions. 

Remarkable progress has been made on gaseous 

ammonia in recent decades [2–4]. Extensive basic 

and applied research has been conducted on the 

combustion of ammonia. For instance, studies 

focusing on the fundamental combustion properties 

of ammonia [5,6], ammonia/methane [7,8], and 

ammonia/hydrogen [9–11] flames, have been 

progressed. Additionally, the application of 

ammonia in various engineering systems, including 

internal combustion engines (ICEs) and gas turbines 

(GTs), has been explored through numerous 

experimental [12,13] and simulation [6,14] 

investigations. 

These studies have mainly focused on the 

combustion of gaseous ammonia and mixtures of 

gaseous ammonia with methane or hydrogen. 

Ammonia is usually stored in the liquid phase, then 

direct combustion of liquid ammonia can reduce the 

cost and complexity of fuel supply systems for 

engineering devices [15], which reduces about 7 - 

9% of the consumption of generated power for the 

vaporization process and the start-up time in gas 

turbines [16]. However, given that liquid ammonia 

combustion is a relatively emerging research area, 

studies related to this topic remain insufficient. Over 

the past three years, experimental research has 

primarily focused on spray dynamics within internal 

combustion engines [17–19], conducting 

measurements of spray morphology, penetration 

distance, and spray angle. Additionally, studies on 

dual-fuel combustion using liquid ammonia and 

diesel for ICEs have been undertaken [20–22]. In the 

context of gas turbines, preliminary experimental 
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and numerical simulations of liquid ammonia swirl 

combustion have been carried out [16], identifying 

preheating temperature as a critical factor for 

enhancing combustion stability. Regarding 

numerical simulations, numerous spray modeling 

studies have been performed to date [23–26]. 

Following improvements to the phase change 

model, the Euler-Lagrangian framework-based 

methods can effectively capture the characteristics 

of liquid ammonia sprays. 

However, relatively little effort has been devoted to 

the study of liquid ammonia jet flames. It is essential 

to analyze its spray and combustion characteristics. 

As a novel liquid fuel, the turbulent combustion 

dynamics of liquid ammonia jet flames, which 

involve the interplay of flash boiling, heat loss, mass 

transfer, reaction thermal chemistry, and flame 

surfaces, have not been fully understood and 

explored. Therefore, the aim of the present study is 

to establish a liquid ammonia jet flame in laboratory-

scale burner, measure the spray characteristics close 

to nozzle, and perform a quasi-Direct Numerical 

Simulation (quasi-DNS) with detailed chemistry to 

investigate the spray characteristics and flame 

structure of the liquid ammonia jet flame. To the best 

of the authors’ knowledge, this is the first study to 

combine experimental measurements and numerical 

simulations to analyze liquid ammonia jet flames. 

The remainder of this paper is organized as follows. 

Section 2 presents the configuration of the target 

flame and the experimental methodologies 

employed. Section 3 details the numerical 

simulation methods. Section 4 discusses the results, 

beginning with an experimental analysis of the 

ammonia spray characteristics to provide key 

parameters for the simulation. The simulation results 

are subsequently validated against experimental data, 

followed by an examination of flame structure and 

the reaction zone. Finally, Section 5 concludes with 

a summary of the results. 

2. Target flame and experimental 

methodologies 

2. 1 Burner and experimental condition 

A liquid ammonia jet flame is achieved in the 

ammonia piloted jet spray burner (AJSB) [27]. 

Figure 1 (a) shows the digital image of the liquid 

ammonia jet flame from experiment. The center of 

the burner is a liquid ammonia jet, surrounded by a 

co-flame of methane with the theoretical flame 

temperature of around 2,140 K. The ammonia jet 

flame is yellow in color, and the yellow 

chemiluminescence is caused by the NH2α band 

spectrum [28]. Mie scattering laser shows the 

morphology of the liquid ammonia spray. Figure 1 

(b) shows the schematic diagram of the AJSB. 

Liquid ammonia is injected through the center tube 

(shown as red) with a diameter of 1.27 mm. A 

coaxial air tube (shown as green) with a diameter of 

4.62 mm surrounds the ammonia fuel tube. The exit 

of the fuel tube is lower than that of the air tube. The 

length is defined as the recess length, Lr. The Lr in 

this study is 6.5 mm, which is designed to ensure the 

presence of a certain proportion of liquid ammonia 

droplets. This Lr allows the liquid ammonia to 

undergo primary breakup under the outlet of the fuel 

pipeline, with the resulting droplets being carried 

into the computational domain by the carrier gas, a 

mixture of pre-evaporated ammonia and air. This 

setup enhances the comparability between the 

simulation and experimental results. Atomization 

will occur in this region before the exit of the air 

tube.  

 

(a) 

 

(b) 

 

(c) 

Fig. 1. (a) Digital image of the liquid ammonia jet 

flame from experiment. Mie scattering laser shows 

the morphology of liquid ammonia spray.            

(b) Schematic diagram of AJSB, and the unit is 

mm. (c) Schematic diagram of the liquid ammonia 

supply system. 
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After the liquid phase passes through the outlet of 

the air tube, the fully atomized spray is formed. The 

mean velocity of the main air jet is 67.57 m/s with a 

temperature of 235 K. The co-flow is used to ignite 

the fresh mixture, and the co-flow provides a hot 

atmosphere and stabilizes the jet flame. The co-flow 

is the burnt gas of methane/air with an equivalence 

ratio of 0.9. The velocity is 1 m/s. The details of the 

experimental condition are described in Table 1. The 

dashed black box represents the measurement 

window range of the Particle/Droplet Image 

Analysis (PDIA) experiment, which will be 

introduced in Section 2.2. 

2. 2 Experimental methodologies 

Liquid ammonia was supplied using a fuel supply 

system, which consists of a liquid fuel tank, 

pressurizer, water chiller, and a Coriolis mass flow 

meter. The detailed description of the fuel supply 

system can be found in our previous study [29]. 

Liquid ammonia with a purity exceeding 99.9% was 

pumped from the fuel tank to the pipeline, and 

passed through a water bath maintained at 268 K, 

and the pressure was increased to 1.8 ± 0.02 MPa 

using a constant flow pump to ensure liquid 

ammonia remained in liquid phase. Then, liquid 

ammonia was injected through the fuel tube. 

The PDIA system was used to measure the 

microscopic characteristics of the spray. A single 

pulse laser was generated by the aforementioned 

laser source at 532 nm with an energy of 300 mJ. 

Then the laser is expanded to a uniform parallel light 

beam. The droplets in the camera's focal plane were 

illuminated by the laser and recorded by the same 

CCD camera, which was fitted with a long-focus 

microscope. The measurement window, calibrated 

using a scaling plate with a precision of 25 m, 

measured 3.9 mm × 2.9 mm. The position of the 

measurement window was precisely controlled by 

moving the CCD camera using a motorized 

positioning system with 1 m accuracy. 

Table 1. Summary of target flame conditions. 

Description Value [unit] 

Primary jet  

Global equivalence ratio, ϕ 1.0 [-] 

Mass flow of liquid ammonia, 0.25 [g/s] 

Volume flow of air 70 [L/min] 

Recess length, Lr 6.5 [mm] 

Inlet temperature, Tin 235 [K] 

Ambient pressure, Pab 1 [atm] 

Mean velocity of air, Uair 67.57 [m/s] 

Co-flame (Methane flame)  

Equivalence ratio, ϕco 0.9 [-] 

Mean velocity, Uco 1 [m/s] 

3. Numerical methodologies 

3. 1 Governing equations 

The transport equations for mass, momentum, 

species, and sensible enthalpy for gaseous phase are 

described without any filter by Eqs. (1) - (4), 

respectively. 

∂𝜌

∂𝑡
+ ∇ ⋅ (𝜌𝐮) = 𝑆𝜌̇ ,                                                      (1) 

∂(𝜌𝐮)

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

∂(𝜌ℎ)

∂𝑡
+ ∇ ⋅ (𝜌𝐮ℎ) =

∂𝑝

∂𝑡
+ 𝐮 ⋅ ∇𝑝 + ∇ ⋅ (𝜌𝐷ℎ∇ℎ)

+𝛕: ∇𝐮 + 𝑆̇𝑟𝑒𝑎𝑐 + 𝑆̇ℎ + 𝑆̇𝑟𝑎𝑑 ,

 

(3) 

∂(𝜌𝑌𝑖)

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

+ 𝑆̇𝑐𝑜𝑚𝑏,𝑖  ,

(4) 

where, ρ is the density, and u is the gaseous phase 

velocity vector. 𝑆𝜌̇ represents the mass source term 

contributed from droplets. p is the hydrodynamic 

pressure, τ is the viscous stress tensor, and h is the 

sensible enthalpy. Dh and Dk are the thermal 

diffusivity and mass diffusivity, respectively. The 

transport properties are considered using a mixture-

averaged method. Yk is the mass fraction of species 

k. 𝑆̇𝑟𝑒𝑎𝑐 and 𝑆̇ℎ in Eq. (3) are the heat source terms 

for reaction and evaporation, respectively. 𝑆̇𝑒𝑣𝑎𝑝,𝑁𝐻3
 

and 𝑆̇𝑐𝑜𝑚𝑏,𝑖  in Eq. (4) represent the mass source 

terms originated from evaporation and combustion, 

respectively. These source terms take into account 

the interaction between the gaseous and dispersed 

phases using two-way coupling particle-source-in-

cell (PSIC) method [30] between both the phases as 

follows, 

𝑆𝜌̇ = −
1

𝛥𝑉
∑

𝑑𝑚𝑑

𝑑𝑡

𝑁
𝑖  ,                                               (5) 

𝐒𝐮̇ = −
1

𝛥𝑉
∑

𝑑𝑚𝑑𝐮𝑑

𝑑𝑡

𝑁
𝑖  ,                                           (6) 

𝑆̇ℎ = −
1

𝛥𝑉
∑

𝑑(𝑐𝑝𝑚𝑑𝑇𝑑)

𝑑𝑡

𝑁
𝑖  ,                                      (7) 

𝑆̇𝑒𝑣𝑎𝑝,𝑁𝐻3
= −

1

𝛥𝑉
∑

𝑑𝑚𝑑

𝑑𝑡

𝑁
𝑖  ,                                   (8) 

where ∆V is the volume of the computational grid 

cell within which a certain ammonia droplet resides, 

and N is the number of ammonia droplets within a 

given computational grid cell. md, ud, and hd are 

droplet mass, velocity, and specific enthalpy of an 

ammonia droplet, respectively. In this study, the 

maximum value of droplet diameter is smaller than 

the grid size, which meets the conditions for using 

the PSIC method [31]. 

The multi-phase flow is calculated through the two-

way coupled Eulerian–Lagrangian formulation, and 

each Lagrangian droplet is governed by Miller et al. 
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[35]. The equations of droplets’ position, velocity, 

and temperature are solved by Eqs. (9) - (11), 

respectively. 

𝑑𝐱𝑑,𝑖

𝑑𝑡
= 𝐮𝑑,𝑖  ,                                                          (9) 

𝑑𝑚𝑑𝐮𝑑,𝑖

𝑑𝑡
= 𝑚𝑑

3𝜇𝐶𝐷𝑅𝑒

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

𝑑𝑇𝑑

𝑑𝑡
= 𝑓ℎ𝑡

𝐴𝑑

𝑚𝑐𝑝
(𝑇∞ − 𝑇𝑑) −

𝑑𝑚

𝑑𝑡
ℎ𝑣  ,                    (11) 

where xd,i, ud,i, Td, and md are the droplet position, 

velocity, temperature, and mass, respectively. f1 is 

the Stokes drag correction. τd = ρld2/(18µ) is the 

droplet relaxation time; gi represents the 

gravitational acceleration. The correction coefficient 

is, 

𝑓 =
−𝑐𝑝,𝑣𝑚̇

𝜋𝑑𝑘𝑁𝑢
/ (𝑒

−𝑐𝑝,𝑣𝑚̇

𝜋𝑑𝑘𝑁𝑢 − 1)                                              (12) 

where ht = kNu/d is the heat transfer coeffcient, and 

k is the thermal conductivity. Ad is each droplet’s 

surface area. Nu = 2 + 0.6Re1/2Pr1/3 is Nusselt 

number calculated using the Ranz Marshall heat 

transfer model [34]. dmd/dt is calculated using a 

combined phase-change model, which has been 

validated under flash boiling conditions in our 

previous study [23]. 

Because the primary break-up happens within the Lr 

distance, it is not directly modelled. It is accounted 

for by employing the Rosin-Rammler (R-R) 

distribution law for the initial droplet diameter. The 

second break-up of the droplets was considered. In 

this study, the Reitz-Diwakar breakup model [35] 

was applied. There are two break-up categories: bag 

break-up and stripping break-up, and both of them 

are due to aerodynamic forces acting on the surface 

of the droplet. Weber number,  

We=ρ|urel|2Dd,stable/(2δd),                                      (13) 

is used to separate these two categories as follows: 

{
𝑊𝑒 > 𝐶bag                 bagbreak − up

𝑊𝑒 > 𝑅𝑒0.5𝐶strip strippingbreak − up
.       (14) 

The break-up rate is calculated by, 

𝑑𝐷𝑡

𝑑𝑡
=

𝐷𝑑−𝐷𝑑,𝑠𝑡𝑎𝑏𝑙𝑒

𝜏𝑏
,                                                (15) 

where Dd and Dd,stable are the instantaneous and the 

stable droplet diameters. τd is the break-up timescale. 

The values of stable droplet diameter and break-up 

timescale for these two kinds of break-up are 

calculated using the following equation. For bag 

break-up: 

𝜌|𝒖𝑟𝑒𝑙|2𝐷𝑑,𝑠𝑡𝑎𝑏𝑙𝑒

2𝛿𝑑
= 𝑊𝑒 ≥ 𝐶𝑏𝑎𝑔,                                      (16) 

𝜏𝑏 =
𝐶𝑏𝜌𝑑

1/2
𝐷𝑑

3/2

4𝛿𝑑
1/2  .                                                   (17) 

For stripping break-up: 

𝑊𝑒

√𝑅𝑒
≥ 𝐶𝑠𝑡𝑟𝑖𝑝,                                                        (18) 

𝜏𝑏 =
𝐶𝑠

2
√

𝜌𝑑

𝜌

𝐷𝑑

|𝒖𝑟𝑒𝑓|
.                                                (19) 

Where, uref is the relative velocity. We and Re are the 

Weber and Reynolds numbers. The values of stable 

droplet diameter and break-up timescale are 

calculated based on the empirical constants Cbag, Cb, 

Cstrip, and Cs. The specific values of these empirical 

constants are referenced from the previous study of 

flash-boiling fuel sprays [36]. 

3. 2 Computational details 

The simulation configuration is consistent with the 

experimental set-up. The process of atomization in 

the recess length was simplified in the simulation 

and accounted for using the R-R distribution for 

initial-droplet diameter. The details of droplet 

distribution will be introduced in Section 4.1. The 

break-up of the ammonia droplets is considered by 

incorporating appropriate models. The turbulence jet 

bulk velocity was generated using the pipe flow 

method. The fully developed velocity field on the 

cross-section of the pipe flow is mapped to the 

mainstream inlet for the ammonia jet. The jet of fully 

turbulent pipe flow carrying ammonia droplets was 

operated at atmospheric pressure. The temperature 

of the mainstream jet, Tin = 235 K, was measured by 

thermocouples. The mean velocity was calculated 

based on the volume flow rate of air, considering 

phase change. The Reynolds number for the primary 

jets is 25,036 based on the gaseous phase velocity. 

All configurations are consistent with the 

experimental setup. 

The computational domain is shown in Fig. 2 with 

the size of 144 × 144 × 180 mm3. The mesh at the 

center is refined and stretched in the radical and axial 

direction. In the reaction region, the grid size is 

smaller than the Kolmogorov length scale. The 

smallest Kolmogorov length scale in the reaction 

region is around 100 m. And the grid resolution 

ensures that approximately ten grid points are 

present across the flame thickness. The total cell 

number is around 0.29 billion.  
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(a) 

 

(b) 

Fig. 2. (a) Schematic of computational domain and 

conditions for simulation, (b) meshing detail (x-z 

plane). 

The simulation was carried out using a quasi-direct 

numerical simulation code developed based on 

OpenFOAM-8 [37]. A second-order central 

differencing scheme was used to integrate both 

spatial and transient terms. The Euler-implicit 

scheme was applied for integrating temporal terms. 

The pressure implicit split operator (PISO) 

algorithm [38] was employed to manage the 

coupling between pressure and velocity. The 

simulation was conducted on the supercomputer 

Fugaku, requiring approximately 1,400,000 core 

hours of parallel computation using 4,800 

processers. 

4. Results and Discussion 

4. 1 Spray characteristics 

Figure 3 shows the data processing for measuring 

the droplet diameter. It includes (a) the original 

grayscale image of droplets on a surface, displaying 

various sizes and some background elements. (b) 

The binary image, created using gradient 

information, depicts droplets as white shapes on a 

black background, emphasizing their edges. (c) The 

final image overlays red markings on the original 

image to highlight the detected boundaries of the 

droplets. Note that the position with the strongest 

gradient change in the image is usually the object on 

the focal plane. This process enhances the precision 

of droplet characterization by isolating them from 

the background and other visual noise, enabling 

detailed analysis of their spatial distribution and 

size. 

 

(a) 

 

(b) 

 

(c) 

Fig. 3. Data processing flow for PDIA. (a) Original 

image, (b) Binary images drawn through gradient 

information, and (c) Droplet image. 

After liquid ammonia is injected out of the fuel pipe, 

a complex phase transition process occurs within the 

Lr distance that includes atomization, evaporation, 

flash boiling, etc. A portion of the liquid ammonia 

will evaporate to gaseous phase. The percentage of 

non-evaporation droplets mass, mNH3(l), represents 

the percentage of liquid ammonia without pre-

evaporation in the inlet tube. In this study, mNH3(l) 
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was calculated using the liquid volume measured by 

PDIA. Figure 4 shows the statistical value of mNH3(l), 

which were collected over a duration of 30 seconds. 

The mean vale of mNH3(l) is 22.8%, which indicates 

that 77.2% of liquid ammonia has undergone a phase 

transition to a gaseous state in the Lr region. 

Therefore, the dilute-suspension assumption may be 

permitted for the droplet-laden flow, wherein the 

droplet–droplet interaction modeling becomes less 

important. The length of Lr significantly influences 

the proportion of pre-evaporated liquid ammonia, 

which will be investigated in future studies. Under 

the current condition of Lr = 6.5 mm, a substantial 

proportion of liquid ammonia undergoes phase 

transition to the gaseous state before reaching the 

outlet. In the experiments, a sharp temperature drop 

was observed near the nozzle, and prolonged 

injection resulted in frost formation. The unique 

characteristics of liquid ammonia flash boiling are 

markedly different from the pre-evaporation 

properties of traditional fuels such as ethanol and 

acetone [39,40]. 

 

Fig. 4. Statistical variation of the percentage of un-

evaporation droplets mass over the time. 

The R-R distribution is used to describe the droplets 

diameter. There are four parameters, i.e., maximum 

and minimum value of droplets (dmax and dmin), 

shape parameter (n), and scale parameter (d). Table 

2 shows the parameters of droplet inflow conditions. 

dmax and dmin were measured using PDIA system. 

The values of n and d are obtained by fitting the 

experimental data.  

Table 2. Summary of droplet distribution. 

Parameter Value [unit] 

dmax 80 [m] 

dmin 2.44 [m] 

n 1.25 [-] 

d 13.5 [m] 

 

The distribution of droplets diameter between 

experimental measurement and the R-R parameter 

fitting is shown in Fig. 5. The blue dots represent the 

experimentally measured droplet distribution, while 

the black lines correspond to the droplet diameter 

distribution fitted using the R-R distribution. It can 

be seen that after the atomization caused by flash 

boiling, the majority of liquid ammonia droplets 

have diameters below 40 μm, with only a very small 

fraction of larger droplets present. The inlet 

conditions account for the phase change, where 

approximately 77.2% of liquid ammonia is 

converted into gaseous ammonia before the mixture 

gets into chamber. The mass fractions of NH3, O2, 

and N2 at the inlet boundary are carefully calculated 

to consider the pre-evaporation effect. 

 

Fig. 5. Comparison of droplet size probability 

density function (PDF) of injected fuel droplets 

between experiment and R-R distribution. 

4. 2 Validation 

Figure 6 shows the comparison of instantaneous 

droplet distribution between the experiment 

employing global Mie scattering (left) and the 

present quasi-DNS (right). The measurement 

window of the experiment is 90 × 40 mm², and the 

size of the points represents the size of the droplets. 

The operating range is performed at two different 

axial positions, 0 mm and 20 mm. At each 

measurement position, 300 images were captured at 

a frequency of 10 Hz. Mie scattering measures the 

distribution of droplets on a cross-sectional plane. 

Therefore, the simulation corresponds to extracting 

the droplet distribution on the x-z longitudinal cross-

section. These results show the same trend as the 

intensity decreases from upstream to downstream 

locations, which means the droplets continue to 

evaporate. The simulation underestimates the spray 

width downstream, with fewer droplets separating 

from the main flow compared to the experiment. 

However, the core region matches the experimental 

results well. There are several factors that may have 
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contributed to the discrepancy. On the experimental 

side, minor fluctuations of liquid ammonia 

supplement and measurement uncertainties could 

have influenced the results. On the computational 

side, certain assumptions in the model, such as 

simplified boundary conditions or absence of 

atomization models, might have led to deviations 

from the experimental data. 

In the experiment, the Sauter Mean Diameter (SMD) 

of droplets was measured within a viewing window 

of 3.9 × 2.9 mm² at the nozzle and 20 mm directly 

above the nozzle, as shown in Fig. 7. The blue line 

represents the simulated SMD of droplets along the 

axis. It can be observed that the simulation slightly 

underestimates the mean droplet diameter, primarily 

due to the following reasons: (1) The discrepancies 

between the experiment and simulation mainly arise 

from differences in sampling methods. In the 

experiment, SMD is calculated based on two-

dimensional image data, while in the simulation, 

droplet statistics are collected across the entire three-

dimensional space at different heights. (2) In reality, 

a certain degree of droplet coalescence occurs, 

leading to an increase in droplet size. However, this 

process is neglected in the simulation, resulting in a 

smaller predicted SMD compared to the 

experimental measurements. 

 

Fig. 6. Comparison of instantaneous liquid 

ammonia droplets distribution (x-z plane) between 

experiment (left) and simulation (right). 

 

Fig. 7. Comparison of the SMD of droplets along 

the z-axis between experiment (black dots) and 

simulation (blue line). 

4. 3 Flame structure 

Figure 8 shows the instantaneous fields of liquid 

ammonia jet flame from the simulations. Figure 8 (a) 

illustrates the temperature field and droplet 

distribution of the liquid ammonia jet flame. Since 

the co-flow is supplied by the burned products of 

methane at an equivalence ratio of 0.9, its 

temperature remains higher than the peak 

combustion temperature of ammonia. As a result, 

there is no significant temperature rise in the 

temperature field. Ammonia reacts in a high-

temperature, low-oxygen environment, representing 

a MILD combustion configuration [41], which will 

be explored in our future research. In the droplet 

region near the axis, the gas-phase temperature 

drops significantly, approaching 230 K, due to the 

substantial heat absorption from the flash 

evaporation of liquid ammonia. There is a 

pronounced temperature gradient from the axis to 

the burned region. Furthermore, the droplet 

distribution indicates that relatively larger droplets 

are primarily located in the upstream region. From 

upstream to downstream locations, the droplet 

diameter gradually decreases. However, due to the 

extremely low temperature in the droplet core region 

near the axis, some larger droplets still exist in the 

downstream region. These larger droplets are more 

likely to interact with the flame. Owing to the rapid 

flash evaporation rate of liquid ammonia, the 

majority of droplets completely evaporate before 

entering the burned region, making it challenging to 

observe droplets within the burned zone. Figure 8 

(b) shows the mass fraction distribution of ammonia. 

Since around 80% of the liquid ammonia has already 

undergone phase transition within the recess length 

region, gaseous ammonia is present downstream. As 

the flow progresses downstream, the ammonia 

concentration gradually decreases, and by 

approximately z = 160 mm, ammonia is almost 
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entirely consumed, with the droplets nearly 

completely evaporated.  

 

(a)                           (b) 

 

(c)                          (d) 

Fig. 8. Instantaneous distributions of (a) gas phase 

temperature, (b) NH3 mass fraction, (c) HRR, and 

(d) progress variable at t = 8 ms. The droplets are 

shown as dots, and their sizes are determined by the 

relative diameters. 

Figure 8 (c) presents the Heat Release Rate (HRR) 

field. Due to the presence of the high-temperature 

co-flow, heat release occurs immediately at the fuel 

outlet. However, the flash evaporation rate is the 

highest in this region, and the phase transition 

absorbs a substantial amount of heat, resulting in 

relatively low HRR at this location. From upstream 

to downstream locations, the HRR gradually 

increases. In the downstream region, turbulence 

causes more flame wrinkling, and the combined 

effects of turbulence and reduced heat absorption 

from phase transitions lead to localized increases in 

HRR. On the other hand, due to the presence of 

droplets, the HRR distribution becomes increasingly 

uneven further downstream. In certain local regions, 

the HRR is very low, while the combined effects of 

turbulence and droplets create isolated zones of high 

HRR, forming HRR islands within the flame 

structure. Figure 8 (d) shows the progress variable 

represented by the mass fraction of H2O. This 

variable serves as an indicator of the combustion 

progress, where higher values correspond to regions 

with more advanced reactions. Near the fuel outlet, 

the progress variable remains relatively low due to 

the dominance of evaporation and mixing processes. 

As the flow moves downstream, the progress 

variable increases steadily, indicating the onset and 

intensification of reaction. The high temperature and 

low-oxygen environment provide conditions for 

stable combustion of liquid ammonia. To determine 

the complete combustion, Fig. 9 shows the mass 

fraction of unburned NH3 and NO2 at the chamber 

exit. 

 

(a)                               (b) 

Fig. 9. Mass fraction of (a) unburned NH3 and (b) 

NO2 at the chamber exit. The red iso-lines represent 

the temperature value of 2000 K. 

In previous studies on premixed ammonia flames, 

the phenomenon of reaction zone thickening was 

observed [42,43], and it was found that the 

thickening of the reaction zone is a spatially 

evolving process. Figure 10 shows the distribution 

of NH mass fraction on the horizontal cross-sections 

at z = 20, 80, 160 mm. The NH layer is shown by red 

iso-lines. The relative size of the droplets is 

represented by white dots. There is consistently a 
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significant gap between the droplet region and the 

reaction zone. The wrinkling of the reaction zone is 

primarily influenced by turbulent vortex structures 

generated by jet shear. In the upstream region, 

vortices cannot penetrate the reaction zone, 

preventing it from thickening. The NH layer 

thickness resembles that of a laminar flame, and 

thus, near the nozzle, the flame remains almost 

wrinkle-free. This is because only vortices with a 

scale larger than the laminar flame thickness can 

wrinkle the flame [44]. Near the burner nozzle, the 

vortices are confined within the length scale of the 

nozzle diameter. As the flow develops downstream, 

the jet expands radially, increasing the reaction zone 

diameter. Concurrently, detached, independent 

reaction zone structures emerge, separated from the 

main flow. 

 

Fig. 10. Distribution of NH mass fraction on the 

horizontal cross-sections at z = 20, 80, 160 mm. 

The NH layer is shown by red iso-lines. The red 

iso-lines represent the NH mass fraction value of  

1.2×10-5. 

To further quantitatively describe the variation in the 

average thickness of the NH layer, Fig. 11 shows the 

mean relative NH layer thickness and its standard 

deviation along z-axial. It can be observed that, 

beyond z = 40 mm, the thickness of the NH layer 

begins to increase significantly, reaching 2.5 times 

its initial value at z = 160 mm. This thickening ratio 

is comparable to that of the Lund University Piloted 

Jet flame with a Karlovitz number of 581 [43]. The 

phenomenon of reaction zone thickening in liquid 

ammonia jet flames is very similar to that observed 

in premixed ammonia jet flames. This similarity 

arises from the intense flash boiling of liquid 

ammonia within the Lr region and the complete flash 

evaporation before to reaction, resulting in flame 

characteristics closely resembling those of premixed 

ammonia flames. 

 

Fig. 11. Mean relative NH layer thickness and its 

standard deviation at different height. 

5. Conclusions 

A liquid ammonia jet flame was studied using 

experimental measurements and simulations. The 

experiment provided statistical data on the spray 

characteristics close to nozzle. The quasi-DNS 

coupled detailed chemistry was employed to further 

investigate the liquid ammonia jet flame structure. 

The boundary conditions and inlet parameters for 

the simulations were derived from the experiment, 

and the droplet field was compared with the 

experimental data for validation. Main conclusions 

were summarized as follows: 

1. The experimental results indicated that intense 

atomization and evaporation of liquid ammonia 

occurred within the 6.5 mm recess length 

region, forming a well-atomized spray before 

injection. Only 22.8% of the ammonia entered 

the combustion region in the liquid phase, and 

the droplets had relatively small mean 

diameters. 

2. The simulation results were validated against 

experimental data and showed good agreement. 

The simulated flame structure revealed that, due 

to flash evaporation, the axial temperature of 

the flame was extremely low, with droplets 

mainly distributed in the low temperature 

region. In the burned region, droplets were 
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almost absent as they had almost completely 

evaporated before crossing the flame front. 

3. The simulation results showed that the liquid 

ammonia jet flame exhibited the phenomenon 

of reaction zone thickening from upstream to 

downstream, similar to that observed in typical 

ammonia flames. 
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