' fire

Article

Numerical Study on the Combustion and Emissions
Characteristics of Liquid Ammonia Spray Ignited by Dimethyl

Ether Spray

Yupeng Leng 2, Liming Dai ®*{, Qian Wang 3, Jiayu Lu 3, Ouqing Yu 3 and Nigel John Simms 2

check for
updates

Academic Editor: Jiagiang E

Received: 30 November 2024
Revised: 24 December 2024
Accepted: 29 December 2024
Published: 31 December 2024

Citation: Leng, Y.; Dai, L.; Wang, Q.;
Ly, ].; Yu, O.; Simms, N.J. Numerical
Study on the Combustion and
Emissions Characteristics of Liquid
Ammonia Spray Ignited by Dimethyl
Ether Spray. Fire 2025, 8, 14. https://
doi.org/10.3390/ fire8010014

Copyright: © 2024 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

Institute for Energy Research, Jiangsu University, Zhenjiang 212013, China

School of Water, Energy and Environment, Cranfield University, Cranfield MK43 0AL, UK
School of Energy and Power Engineering, Jiangsu University, Zhenjiang 212013, China
Correspondence: liming_dai@uijs.edu.cn

@ N =

Abstract: Ammonia has attracted considerable attention as a zero-carbon fuel for decar-
bonizing energy-intensive industries. However, its low reactivity and narrow flammability
limit efficient ignition and efficient combustion. By using CONVERGR software, this study
numerically investigates the ignition and combustion characteristics of liquid ammonia
spray ignited by dimethyl ether spray in a constant-volume chamber at an ambient temper-
ature of 900 K. Critical parameters, including injection angles (90°~150°), liquid ammonia
injection pressures (60-90 MPa), and ambient pressures (2.8-5.8 MPa), were systematically
analyzed to evaluate their effects on ignition conditions and emissions. Results indicate
that increasing the injection angle improves mixing between liquid ammonia and dimethyl
ether sprays, enhancing combustion efficiency and achieving a maximum efficiency of
92.47% at 120°. Excessively large angles cause incomplete combustion or misfire. Higher
liquid ammonia injection pressures improve atomization and promote earlier interactions
between the sprays but reduce combustion efficiency, decreasing by approximately 2% as
injection pressure increases from 60 MPa to 90 MPa. Higher ambient pressures improve
combustion stability but decrease ammonia combustion efficiency. Post-combustion NO
emissions at 5.8 MPa are reduced by 60.48% compared to 3.8 MPa. The formation of NO is
strongly correlated with the combustion efficiency of liquid ammonia. A higher combustion
rate of liquid ammonia tends to result in elevated NO. Based on these findings, an injection
angle of 120°, an NHj injection pressure of 75 MPa, and an ambient pressure of 3.8 MPa
are recommended to optimize combustion efficiency.

Keywords: ammonia; dimethyl ether; high-pressure direct injection; ammonia ignition
enhancement

1. Introduction

Traditional fossil fuel combustion has long served as a primary energy source for
human society [1]. However, it generates significant challenges, including greenhouse gas
emissions and soot formation. Greenhouse gas emissions have contributed significantly
to global warming, leading to severe environmental damage [2]. Zero-carbon fuels have
emerged as a promising solution to mitigating greenhouse gas emissions [3]. Among them,
hydrogen and ammonia exhibit great potential, as they primarily produce nitrogen and
water as byproducts [4-6]. The high reactivity and wide flammability range of hydrogen
make it prone to explosions. Furthermore, the high costs of hydrogen liquefaction, storage,
and transportation have limited its widespread adoption [7]. Ammonia, synthesized using
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renewable energy sources like solar and wind power, can achieve carbon neutrality over
its lifecycle [8]. Ammonia can be stored in liquid phase at 1 MPa, offering low-cost stor-
age and transportation benefits [9-11]. However, ammonia fuel faces several limitations,
such as low calorific value, a slow combustion rate, and an ignition temperature approxi-
mately 400 K higher than that of diesel [12], all of which significantly affect its combustion
stability [13,14]. A compression ratio of at least 35:1 is required for the compression ignition
engine, highlighting the stringent requirements for pure ammonia combustion [4]. There-
fore, highly reactive fuels, such as diesel [15], biodiesel [16], hydrogen [17], and dimethyl
ether (DME) [18,19], are blended with ammonia to improve ignition and enhance com-
bustion stability. Liu et al. [20] investigated ammonia/diesel dual-fuel stratified injection
modes in marine engines, achieving power output comparable to that of conventional diesel
engines with NOy emissions of lower than 3.4 g/kW-h. Elumalai et al. [21] demonstrated
that igniting ammonia with biodiesel at a 44% substitution rate resulted in reductions of
44%, 32%, 48%, 55%, and 66% for HC, CO, CO,, NOy, and soot emissions, respectively.

Previous studies on ammonia combustion engines primarily investigated port injec-
tion of gaseous ammonia, where it mixes with air in the intake manifold before entering
the cylinder for combustion [22]. Xu et al. [23] examined ammonia port injection combined
with diesel direct injection and observed that the low propagation speed of the premixed
flame led to substantial unburned ammonia, achieving only 53% combustion efficiency.
Yousefi et al. [24] observed that unburned ammonia tends to accumulate in crevices and
boundary layers during premixed combustion. To mitigate this issue, high-pressure direct
injection (HPDI) of ammonia has emerged as a key strategy to enhance engine performance.
Li et al. [25] reported that high-pressure direct injection of fuels increased the ammonia sub-
stitution rate by 17% compared to low-pressure direct injection while reducing unburned
ammonia, NOy, and greenhouse gas emissions. Liu et al. [26] reported that raising the
diesel injection pressure from 80 Mpa to 120 Mpa resulted in a higher peak in-cylinder
pressure and improved combustion efficiency to 82.64% in the ammonia/diesel dual-fuel
engine. Zhou et al. [27] made a comparison between the high-pressure direct injection of
fuel and the low-pressure direct injection strategy in a marine engine, which shown that
high-pressure direct injection results in a lower indicated thermal efficiency but 47% NOx
emissions compared to the original engine. Shi et al. [28] investigated the combustion and
pollutant performance at a 40% ammonia energy fraction using collaborative optimization
of fuel injection timing and angle. This approach achieved just 0.28 g/kW-h unburned
ammonia emissions and a 34% reduction in greenhouse gas emissions.

Unlike diesel or biodiesel, DME lacks C-C bonds, resulting in nearly zero soot emis-
sions during combustion [29]. It can also be produced through renewable methods, such
as biogas gasification [30] and waste treatment [31]. Additionally, the high cetane num-
ber of DME improves combustion efficiency and stability [32], making it as an excellent
ignition agent for ammonia combustion. Gross et al. [33] investigated premixed liquid
ammonia/DME fuel in compression ignition engines and found that higher ammonia
ratios extended ignition delay and elevated CO, HC, and NOy emissions while maintaining
exceptionally low soot emissions. Ryu et al. [34] proposed that a fuel mixture compris-
ing 40% DME and 60% NHj energy fractions provides stable combustion characteristics.
Studies on DME/NHj3 dual-fuel combustion have primarily focused on premixed combus-
tion. However, premixed NH3/DME fuels lack flexible control over ignition timing and
combustion phases. Specifically, the fuel ratio must be adjusted rapidly to accommodate
fluctuations in engine load. As we know, no studies have yet investigated NHj3 spray
directly ignited by DME spray, emphasizing the need to explore ignition, combustion, and
emissions mechanisms in such systems.
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2. Numerical Methodologies
2.1. Model Establishment

This study investigates the detailed ignition process of liquid ammonia spray ignited
by a DME spray. The high reactivity of DME facilitates rapid auto-ignition over a broad
range of operating conditions. Furthermore, the flexible nozzle arrangement and injection
conditions enable dynamic optimization of ignition and combustion phase control. Three-
dimensional numerical simulations were performed using computational fluid dynamics
(CFD) software Converge to assess the effects of various operating parameters, including
injection angles, NHj3 injection pressures, and ambient pressures, on ignition characteristics,
combustion efficiency, and emissions. The findings provide valuable insights into the direct
ignition of NH3 by DME, as well as the design and development of NH3;/DME dual-fuel
engines. They also offer guidance for optimizing injection strategies to improve combustion
efficiency and reduce emissions.

Numerical simulations were conducted in a constant-volume chamber, as depicted in
Figure 1a. The constant-volume chamber dimensions were set to 100 mm x 100 mm x 100 mm.
The simulations employed validated spray models for both liquid ammonia and DME,
each delivered through a dedicated injector. The injectors were symmetrically arranged,
positioned opposite each other, and equipped with a single nozzle per injector. Spray
patterns were defined by injector orientation and specific nozzle configurations. A cross-
sectional diagram of the spray jets is shown in Figure 1b, with the blue region indicating the
DME spray and the red region representing the liquid ammonia spray. The simulation starts
at 0 ms, with both fuels injected into the chamber simultaneously, and concludes at 6 ms.
The nozzle configuration plays a crucial role in determining the spray morphology, which
directly impacts combustion characteristics, including stability, efficiency, and emissions
formation. The nozzle injection angle critically governs spray direction and distribution,
influencing fuel-air mixing, ignition behavior, and combustion efficiency. Additionally, this
study examines the effects of injection and ambient pressures on ignition characteristics
and emissions profiles. The properties of DME and ammonia are listed in Table 1, while
Table 2 provides the simulation conditions, including chamber size, ambient temperature,
injector spacing, nozzle diameters, and other key parameters. DME is significantly more
reactive than liquid ammonia, with a higher propensity for auto-ignition at 900 K. This
high reactivity enables DME to ignite the ammonia spray upon contact subsequently. The
simulations examine nozzle angles (90°, 105°, 120°, 135°, and 150°) and injection pressures
for ammonia (60, 75, and 90 MPa) and DME (75 MPa). Ambient pressures (2.8, 3.8, 4.8, and
5.8 MPa) were varied to evaluate their effects on ignition and emissions performance.

Table 1. Comparison of properties between liquid ammonia and DME.

Parameter Ammonia DME
Boiling point/K 239.8 358
Autoignition temperature/K 924 623
Octane number 130 55
Lower heating value/(MJ/kg) 18.8 28.43
Latent heat of vaporization/(KJ/kg) 1.37 460

Laminar burning velocity/(m/s) 0.07 0.54
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Figure 1. Schematic diagram of the model. (a) Geometric structure, (b) Cross-sectional visualization

of fuel spray.

Table 2. Chamber specifications and operation parameters.

Parameter Value
Chamber size/mm 100 x 100 x 100
Ambient temperature/K 900
Ambient gas Air
Injector distance/cm 7.0
DME injection pressure/MPa 75
Ammonia nozzle diameter/mm 0.22
DME nozzle diameter/mm 0.18
Ammonia injection mass/mg 18.15
DME injection mass/mg 3
Nozzle angle/° 90, 105, 120, 135, 150
NHj injection pressure/MPa 60, 75,90
Ambient pressure/MPa 2.8,3.8,4.8,5.8

A small quantity of DME is used to ignite the liquid ammonia spray, achieving an
ammonia substitution ratio (ASR) [35] of 80%. The ASR, which represents the energy
contribution of liquid ammonia relative to the total energy of the dual fuels, is defined as:

ASR = mNHS-LHmVIZVHﬁ;Ijz‘;ZIZB-LHvDME 100% @
where myp, and mpyg represents the injection masses of NH3 and DME, respectively.
LHV Np, and LHV pyg denote their lower heating values, specified as 18.8 MJ/kg for NH3
and 28.43 MJ/kg for DME.

In this study, the combustion efficiency of ammonia is calculated using the ratio of
the mass of ammonia that has been successfully combusted to the total mass of ammonia
injected into the system. The NH3 combustion efficiency (17nH,) can be expressed as:

Meombusted
Minjected (2)

INH; =

where Moompusted is the mass of ammonia that undergoes complete combustion, producing
nitrogen (N2) and water vapor (Hy0), and mjyjeceq is the total mass of ammonia injected
into the combustion chamber.
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2.2. Model Verification and Operation
The ignition of liquid ammonia spray by DME spray involves complex physical

processes and chemical reactions, with simulation results strongly dependent on the se-
lection of physicochemical models. The Kelvin—-Helmholtz and Rayleigh-Taylor (KH-RT)
model [36] was applied to simulate droplet breakup and atomization. The KH (Kelvin—
Helmholtz) model primarily simulates primary and secondary droplet breakup caused by
the instability of cylindrical jets and liquid viscosity. In the KH model, the breakup time
(k) and the droplet radius after breakup (rky) are defined as follows:

37268,
TKH = A 0ny 'KH = BoAkH )

where 1\ represents the initial droplet radius, Axy is the wavelength of the perturbation
wave, and Qkp means the maximum growth rate of the perturbation wave.

The RT (Rayleigh-Taylor) model simulates droplet breakup caused by drag forces,
suggesting that RT wave instability induces liquid breakup at a specific distance from the
nozzle. The breakup time (TrT) and droplet radius after breakup (rrr) are expressed as:

TR = 755, rRT = BT (4)
where Arr denotes the wavelength of the most unstable perturbation wave and Qgr
represents its frequency.

Due to significant differences in physical properties such as viscosity and density,
liquid ammonia (NH3) and DME require distinct parameter settings in the KH-RT spray
breakup models. Table 3 details the parameter settings for the KH-RT models of DME
and NHj3.

Table 3. Parameter settings for DME and liquid ammonia KH-RT models.

Parameter Value

B1 of DME 11

Bl of NH3 8
By 0.61
Cq 1
CRrr 0.1

In addition to the KH-RT model, the Redlich-Kwong equation [37] was employed
to characterize gas states, while the RNG k-¢ [38] was utilized to capture turbulence
effects. Droplet collisions and wall interactions were modeled using the method proposed
by O’'Rourke and Amsden [39]. The No Time Counter (NTC) method and Frossling
correlation [40] were used to simulate droplet collisions and evaporation, respectively. The
Frossling correlation model was used to characterize the drop evaporation model. The
SAGE model [41] simulates fuel ignition and combustion by accounting for temperature and
species concentrations in each computational cell. Also, the extended Zeldovich model [41]
is used to predict the NOy emissions in the combustion process. This study employs the
NHj3/DME dual-fuel mechanism developed by Xiao et al. [14], which includes 102 species
and 594 chemical reactions, demonstrating reliable predictions of laminar burning velocity
and ignition delay under diverse operating conditions.

The accuracy of the spray characteristics of the fuels significantly impacts the precision
of the simulation results [42]. Independent spray models were validated for both liquid
ammonia and DME to ensure accuracy. Liquid ammonia spray validation was performed
using constant-volume chamber experiments conducted by Li et al. [25]. The initial and
boundary conditions in the simulation were aligned with those of the experiment, as
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detailed in Table 4. The computational domain was defined as a rectangular box with
dimensions of 48 mm X 48 mm x 97 mm. A grid independence study was conducted to
determine the optimal mesh size for the model. Base grid sizes of 2 mm, 4 mm, 6 mm, and
8 mm were evaluated. In the spray development region, four levels fixed grid refinement
were applied, incorporating four levels of adaptive mesh refinement (AMR) driven by ve-
locity and temperature gradients. As shown in Figure 2, the validation results demonstrate
high accuracy with base grid sizes of 2 mm and 4 mm, whereas significant overestimations
in vapor-liquid penetration distance were observed with 6 mm and 8 mm grids. Therefore,
a 4 mm base grid size was selected to balance computational efficiency and simulation
accuracy. As injection time increased, the vapor-phase penetration distance of the liquid
ammonia spray continued to grow, whereas the liquid-phase penetration distance initially
rose but stabilized after approximately 0.5 ms, remaining constant thereafter. Figure 3
compares the simulated results with the simulation and experimental spray morphologies
from Li et al. [25], where solid red lines represent liquid-phase ammonia spray and dashed
red lines denote gas-phase ammonia spray. The results confirm that the spray model
accurately predicted the liquid ammonia spray morphology, validating its applicability for
numerical simulations in this study.

Table 4. Validation conditions for liquid ammonia spray.

Parameter Value
Nozzle diameter/mm 0.22
Injection pressure/MPa 60
Fuel temperature/K 350
Ambient temperature/K 900
Ambient gas N,
Ambient density/(kg-m~3) 18.0
120
—————— 2 mm ————4mm
.................. 61Tlm .-.._._.8Inm ]
100F o 4 Experiment S "_'
g 20| Gas ",—‘ o -
kS
5 60
=
2
g 40t
&
20F
O 1 1 1 1
0.0 0.5 1.0 1.5 2.0 25

Time/ms

Figure 2. Grid independent validation for liquid ammonia spray penetrations.

The DME spray injection model is based on spray experiments conducted by Cung
et al. [43] in a constant-volume chamber under inert and oxygen-enriched conditions.
Validation conditions for the DME spray are detailed in Table 5. To ensure consistency
across simulations, the DME spray validation employs the same grid size, refinement
levels, and turbulence model parameters as those used for liquid ammonia. The simulated
and experimental results for DME vapor-phase and liquid-phase penetration distances
are compared in Figure 4. While the simulated liquid-phase penetration distance slightly
exceeded the experimental results during the later stages of the spray, the results overall
align well. Simulated and experimental values for ignition delay time (ID) and flame lift-off
length (LOL) under varying ambient densities, temperatures, and oxygen concentrations
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are compared in Figure 5. Ignition delay time (ID) is defined as the interval from the
start of injection to the point of the maximum temperature gradient, while lift-off length
(LOL) represents the minimum axial distance where the Favre-averaged OH mass fraction
reaches 14% of its peak value [44]. The simulated and experimental data exhibited strong
agreement for ignition delay time and lift-off length under high oxygen concentrations.
However, the slight deviations in simulated LOL values at low oxygen concentrations are
primarily attributed to limitations in the chemical reaction kinetics model. Since this study
focuses on high-oxygen concentration conditions, the DME spray model was validated to
ensure high accuracy under both combustion and non-combustion scenarios.

NH;,

Vapor
Mass-
Fra/%

0.35

Sim—Liquid/' 0L,

Exp-Liquid Ap

e

Sim-Gas

v 0.21
Exp-Gas /
0.14
0 0 0
[ [ = 0.07
10 10 10
Length Length  Length 0
/mm /mm /mm

Figure 3. Comparison between simulation and experiment of NHj spray.

Table 5. Validation conditions for DME spray.

Parameter Value
Nozzle diameter/mm 0.18
Injection pressure/MPa 75
Fuel temperature/K 383
Ambient temperature/K 900, 1100
Ambient density/(kg-m~3) 14.8, 25.0, 30.0

Oxygen concentration/%

0,15,18,21

120
®  Gas-Experiment
100 F A Liquid-Experiment
s — G?s--Siml-llatiOIT YY)
E g0 Liquid-Simulation °®
£ L
2
B
3 60
5
Ay
>
g 40 F 4
w1
20
2 Afdaisana,
O I I I I
0.0 0.5 1.0 1.5 2.0 2.5
Time/ms

Figure 4. Validation of DME spray penetration under non-combustion condition.
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Figure 5. Validation of ignition delay times and flame lift-off lengths. (a) Effect of ambient density;
(b) Effect of oxygen concentration; (c) Effect of ambient temperature.

3. Results and Discussion
3.1. Effect of Injection Angle on Ignition and Combustion Process

The injection angle plays a critical role in the ignition process. This study investigates
the impact of varying 6 from 90° to 150°, as detailed in Table 2. The maximum temperature
corresponding to different injection angles is presented in Figure 6a. At large injection
angles (135°-150°), ignition fails and the peak maximum temperature decreases signifi-
cantly as 0 increases. At § = 150°, the maximum temperature gradually rises after 1.00 ms
and stabilizes at approximately 1060 K by 4 ms. This is attributed to the large injection
angle, which disperses the DME spray through interaction with the ammonia spray, leaving
residual DME at the top of the chamber. The residual DME continuously evaporates,
absorbing heat and undergoing a slow oxidation process, slightly increasing the local
temperature. However, ignition fails due to the insufficient local fuel concentration. When
6 < 135°, the DME spray successfully ignites the liquid ammonia spray. As 6 decreases,
the interaction between the DME and liquid ammonia sprays is delayed, enabling more
complete combustion of the DME and a gradual rise in the maximum peak temperature.
After 1.10 ms, the cooling effect of the liquid ammonia spray intensifies, causing a more
rapid temperature decline. The liquid ammonia combustion efficiency, defined as the ratio
of the mass of consumed NHj at the end of combustion to the total injected amount, at
various  is presented in Figure 6b. The results indicate that, under combustible modes,
increasing 0 gradually improves the combustion efficiency of liquid ammonia. At 6 = 120°,
liquid ammonia combustion reaches its maximum efficiency of 92.47%.
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Figure 6. Thermal conditions for different 6. (a) Maximum temperature, (b) Liquid ammonia
combustion efficiency.

The temperature distributions at ignition moments for various 0 are shown in Figure 7,
where black particles represent the spray dynamics of DME and ammonia. At 6 = 90°,
the DME ignites without interacting with the liquid ammonia spray. At 6 = 105° and
120°, the DME spray successfully ignites the liquid ammonia spray upon interaction. The
low density of the liquid ammonia spray at the leading edge results in insufficient heat
absorption, which fails to extinguish the DME flame core. When 6 range from 135° to
150°, the temperature at the front of the DME spray decreases, and the high-temperature
region contracts. Evaporating droplets at the leading edge of the liquid ammonia spray
absorb heat, hindering heat transfer at the interacting surface. The rapid evaporation
and heat absorption of liquid ammonia suppress the DME'’s temperature rise, preventing
sufficient reaction time and heat for combustion, ultimately causing misfire. The velocity
contours of dual fuels interacting at the ignition moment are presented in Figure 8. The
axial velocity of the liquid ammonia spray decreases gradually, whereas the radial velocity
drops sharply, resulting in higher velocities at the center. Interaction with the DME spray
and the relatively high velocity of the liquid ammonia spray create a velocity difference
with the surrounding air, intensifying vortices and enhancing air entrainment. At 6 = 150°,
the excessively large angle reduces the vertical distance between the contact point and the
wall, restricting vortices and altering their direction. Although increasing the nozzle angle
improves fuel mixing, an excessively large angle increases the risk of spray impingement
on the wall, exacerbating incomplete combustion and leading to misfire.

\0 / \.@/ N S T

(a) 6 =90°

(b) 6 = 105° (c) 6 =120° (d) 6 =135° (e) 6 = 150°

B 7 [

Temp/K: 380 784 1188 1392 1996 2400

Figure 7. Temperature contours at ignition moment with different 6.
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(a) 6=105° (b) 6 = 120° (c) 6=135° (d) 6 = 150°

Il 1T =

Velocity m/s: 20 84 148 212 276 340

Figure 8. Velocity contours at ignition moment with different 6.

The distributions of temperature, OH, NH3, DME, NH;, NO, and NO; are depicted
in Figures 9 and 10 for 6 = 90°. At 0.66 ms, DME ignition generates a high-temperature
flame that initially does not interact with the liquid ammonia spray. The DME flame
burns steadily and propagates until it contacts and ignites the ammonia spray at 0.90 ms.
During the interaction, the ammonia spray front evaporates continuously, increasing its
temperature and reducing penetration speed. However, at this stage, the flame front does
not fully envelop the ammonia spray. By 2.50 ms, the DME is nearly consumed, allowing
NHj to dominate the combustion process. The outer boundary of the OH radical distribu-
tion represents the flame front and highlights the flame propagation during combustion.
Minimal OH radical presence indicates inefficient ammonia combustion, as shown in
Figure 6b. OH radicals are predominantly generated during DME combustion and are less
prominent during NHj3 combustion. By 3.00 ms, OH radicals nearly disappear, leaving
a substantial amount of unburned NH3, indicating low ammonia combustion efficiency.
Huo et al. [45] defined the onset of NH3 combustion by detecting NH, formation in their
study of ammonia premixed combustion. Similarly, this study adopts NH, formation as
an indicator of liquid ammonia combustion. NHs combustion begins at 0.90 ms, with
NH; appearing in the center of the DME spray and at the front of the ammonia spray. As
shown in Figure 10, ammonia combustion generates NO and NO;, with NO predominantly
concentrated in high-temperature regions, closely aligning with the OH distribution. The
primary pathway for NO formation in ammonia flames involves the decomposition of
ammonia into NH; radicals, which are subsequently oxidized to HNO. This is evident from
the alignment of NH; contours with the inner OH contours. NHj3 begins to decompose
before the flame front reaches its peak temperature, resulting in NO formation near the
flame front. At 0.90 ms, significant NO generation indicates an ammonia-rich combustible
region. The mass fraction of NO, is lower than that of NO and primarily occurs in medium-
to low-temperature regions, especially in the mid and rear sections of the DME spray. At
high temperatures, NH; reacts with O, and O (Equations (5) and (6)) to form NO, while at
lower temperatures, NO is reduced, as shown in Equation (7):

NH, + O, = NO + H,O (5)
NH, +0 = NO+ H, (6)
NH, + NO = N, + H,O (7)

Figure 11 depicts the NO and NO; emissions across different 6. For all injection
angles, NO emissions rise sharply after the ignition of NHj3, indicating rapid ammonia
combustion and subsequent NO formation. As 6 increases, the peak NO emissions rise
significantly, with 6 = 120° showing the highest peak, which is approximately 28.94% higher
than that at 6 = 90°. This increase is attributed to enhanced atomization and mixing at larger
injection angles, which improve combustion efficiency, promote more complete ammonia
combustion, and elevate flame temperatures—intensifying NO formation pathways. By
6 ms, combustion enters the post-combustion phase, with NO emissions stabilizing. At
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6 = 90°, NO emissions are approximately 55.63% of those at § = 120°. NO, emissions
remain consistently low and stable across all injection angles. Unlike NO, NO, formation
is less sensitive to temperature, as it predominantly results from the reaction of NO with
O; in lower-temperature post-flame regions. These findings highlight the importance of
optimizing the injection angle to achieve high combustion efficiency while minimizing
emissions. Therefore, a spray angle of 120° is selected for further studies.

NN W / Y o

= N m
380 1053 1727 2400

(a) 0.66 ms b) 0.69 ms (c) 0.90 ms (d) 2.50 ms (e) 3.00 ms

NH; DME

Mass fraction
| |
0 0.08 0.16 024 0.32

(f) 0.66 ms (g) 0.69 ms (h) 0.90 ms (i) 2.50 ms (j) 3.00 ms

N on
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H -
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(k) 0.66 ms (1) 0.69 ms (m) 0.90 ms (n) 2.50 ms (0) 3.00 ms
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I | e
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Figure 9. The temperature, OH, NH3z, DME, and NH, distributions at 6 = 90°.

4 NO
( Mass fraction
[ .

e
(' 0 0003 0007 001

(a) 0.66 ms (b) 0.69 ms (c) 0.90 ms (d) 2.50 ms (e) 3.00 ms

NO,

Mass fraction
|____amw |
0 0.0003 0.0007 0.001

(f) 0.66 ms (g) 0.69 ms (h) 0.90 ms (i) 2.50 ms (j) 3.00 ms

Figure 10. The NO and NO, distributions at 8 = 90°.
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Figure 11. NO and NO, emissions with different 6.

3.2. Effect of NHj3 Injection Pressure on Ignition and Combustion Process

Fuel injection pressure is critical in determining atomization quality and penetra-
tion distance, which strongly influence combustion and emissions characteristics. In this
study, the DME injection pressure is fixed at 75 MPa, while the liquid ammonia injection
pressure Py, varies at 60 MPa, 75 MPa, and 90 MPa. The maximum temperature at
each Py, is presented in Figure 12a. The highest maximum temperature is observed for
Py, = 60 MPa, followed by 75 MPa and 90 MPa. Higher Py, enhances atomization
and accelerates droplet evaporation, intensifying the cooling effect on the DME flame.
During injection, increased Pyp, shortens the ammonia injection duration, facilitating an
earlier transition to the combustion phase. As shown in Figure 12b, the liquid ammonia
combustion efficiency decreases slightly from 93.08% to 91.21% as Pyy, increases from
60 MPa to 90 MPa, representing a reduction of approximately 2%.

2800 100
—— Py =60 MPa
’ N
2400 Py =75 MPa < ol
2 — Py, =90 MPa 5 93.08
g = 92.47
8 2000 g 91.21
5 g 90f
g [
=
£ 1600 2
g g
s - 85}
1200 F z
. . . %0
0 3 4 5 6 60 75 90
Time/ms

NHj injection pressure/MPa

(@) (b)

Figure 12. Thermal conditions for different Pyyy,. (a) Maximum temperature, (b) Ammonia combus-
tion efficiency.

The temperature distributions at the ignition moment for varying Py, are shown in
Figure 13, indicating that higher Pyy, increases the penetration velocity of the ammonia
spray. This results in a larger contact area during its interaction with the DME flame,
leading to greater heat absorption from DME combustion via ammonia evaporation. As
Pnh, increases, the high-temperature region at the DME spray head shrinks, and the
temperature decreases slightly due to increased heat absorption. The velocity contours for
varying ammonia injection pressure are presented in Figure 14, showing that the vortex
at the head of the liquid ammonia spray becomes more pronounced with higher Pyp,,
enhancing air entrainment and fuel mixing.
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Figure 13. Temperature contours at ignition moment with different PNy, .
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Figure 14. Velocity contours at ignition moment with different Py, .

The distributions of temperature, OH, NH3, DME, NH;, NO, and NO, under
Py, = 60 MPa are presented in Figures 15 and 16, while those at Py, = 90 MPa are
depicted in Figures 17 and 18 for comparative analysis. At 0.66 ms, DME combustion
begins under Pyp, = 60 MPa, accompanied by OH radical formation. In contrast, at
Pni, = 90 MPa, no significant high-temperature regions or OH radicals are observed. By
0.70 ms, the higher injection pressure splits the DME flame into two high-temperature
regions, Meanwhile, increased ammonia evaporation and cooling effects further shrink
the flame, reducing its size. At 0.90 ms, with Pyy, = 60 MPa, the DME flame front fully
envelops the ammonia spray head. However, the lower injection pressure reduces atomiza-
tion efficiency, leading to a noticeable accumulation of liquid ammonia particles near the
spray head. Furthermore, the DME concentration is lower at Py, = 90 MPa during the
same period. During the early combustion stage, DME is less influenced by the ammonia
spray, allowing it to burn more rapidly. At 2.50 ms, the flame temperature is higher under
Pnn, = 60 MPa because the lower injection pressure extends the ammonia injection dura-
tion, allowing the influx of cold ammonia to lower internal spray temperatures. By 3.00 ms,
the mass fraction of unburned ammonia at Pyy, = 60 MPa remains similar to its value
at 2.50 ms. The high-temperature region at PNy, = 60 MPa is larger and more uniformly
distributed, providing sufficient heat for ammonia combustion. The increased presence of
OH radicals near the ammonia spray head indicates more vigorous combustion, suggesting
that lower Pyp, can moderately improve ammonia combustion efficiency. Figure 19 shows
the NO and NO, distribution for the whole combustion process under different ammonia
injection pressure, as Pyy, increases from 60 MPa to 90 MPa, the peak NO concentration
rises significantly. This trend is attributed to enhanced mixing between ammonia and
DME sprays at higher injection pressures, which enhances combustion efficiency and raises
temperatures, promoting both thermal and fuel NO formation. At Pyy, = 90 MPa, a high
NO concentration region is observed near the DME spray head at approximately 0.9 ms.
This corresponds to the reaction of NH, radicals with oxygen at elevated temperatures,
forming NO. After peaking, NO concentration gradually decreases over time. During the
ammonia combustion phase, temperatures decrease, enabling NO reduction to N in the
cooler post-flame region. While peak NO emissions vary, final NO emissions are nearly
identical across all Pyy, conditions. NO, production remains less sensitive to ammonia
injection pressure.
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Figure 15. The temperature, OH, NH3, DME, and NH, distributions at Py, = 60 MPa.
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Figure 16. The NO and NO, distributions at Py, = 60 MPa.
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Figure 19. NO and NO, emissions with different Pyy,.

3.3. Effect of Ambient Pressure on Ignition and Combustion Process

In addition to injector angles and injection pressures, ambient conditions play a critical
role in combustion processes, enabling optimization of chamber operating conditions.
This study investigates the effects of ambient pressures ranging from 2.8 MPa to 5.8 MPa
on combustion.

The maximum temperature and NH3s combustion efficiency at varying ambient pres-
sures are shown in Figure 20. At P, = 2.8 MPa, ignition fails due to insufficient mixing
and the pronounced cooling effects of ammonia evaporation, which inhibit temperature
rise. Successful ignition occurs at P, > 2.8 MPa. As P, increases, the ignition delay time
decreases. Higher ambient pressure improves heat exchange between the DME spray and
surrounding air, enhancing atomization and evaporation, and thereby accelerating ignition.
Additionally, higher P, increases local oxygen concentration and air density, promoting
more effective DME-oxygen mixing and faster combustion. Higher ambient pressures
produce higher peak maximum temperatures. However, the post-combustion cooling
rate increases with P, due to the greater heat absorption from ammonia vaporization.
Ammonia combustion efficiency peaks at P, = 3.8 MPa with 92.47%, decreases to 86.87% at
P, = 4.8 MPa, and further declines to 70.59% at P, = 5.8 MPa. Figure 21 presents tempera-
ture contours at ignition moments for varying ambient pressures. At low ambient pressure
(P = 2.8 MPa), no high-temperature zone forms, and the DME spray contacts the cold lig-
uid ammonia spray before ignition. Significant ammonia evaporation and heat absorption
reduce the temperature at the DME spray head, suppressing ignition. At P, = 3.8 MPa, a
localized high-temperature region forms at the interface between the DME and ammonia
sprays, facilitating successful ignition. This interaction is key to achieving high ammonia
combustion efficiency. At P, = 4.8 MPa and 5.8 MPa, higher ambient pressures restrict
the axial propagation of the DME spray, causing ignition to occur closer to the nozzle. At
P, = 5.8 MPa, the high-temperature region is even closer to the nozzle. Reduced interaction
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between the DME and ammonia sprays at higher pressures further decreases ammonia
combustion efficiency.
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Figure 20. Thermal conditions for different ambient pressure. (a) Maximum temperature, (b) Ammo-
nia combustion efficiency.
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Figure 21. Temperature at ignition moment at different Pa.

Figures 22-25 compare the distributions of temperature, OH, NH3, DME, NH;, NO,
and NO; for P, = 3.8 MPa and P, = 5.8 MPa. At P, = 3.8 MPa, DME ignites and interacts
with the liquid ammonia spray at 0.66 ms. At P, = 5.8 MPa, higher ambient pressure causes
DME to ignite closer to the nozzle. Due to reduced influence from the liquid ammonia spray;,
the flame region at P, = 5.8 MPa is larger than that at P, = 3.8 MPa at 0.90 ms. However, the
flame front does not fully envelop the liquid ammonia spray, limiting interaction between
the cold ammonia spray and the high-temperature flame. At P, = 5.8 MPa, early-stage DME
combustion is more complete, leaving almost no unburned DME by 2.50 ms. Consequently,
the flame temperature is lower than at P, = 3.8 MPa, primarily due to incomplete early-stage
combustion of liquid ammonia, which reduces the overall combustion rate and results in
inefficient combustion. By 3.00 ms, OH radicals nearly disappear at P, = 5.8 MPa, with no
significant high-temperature regions remaining. A higher fraction of unburned ammonia
is observed at P, = 5.8 MPa compared to P, = 3.8 MPa, indicating reduced combustion
efficiency at higher pressures. Insufficient flame-ammonia interaction limits the conversion
of ammonia into reactive intermediates, such as NH;. At both pressures, NO formation
begins shortly after DME ignition. At P, = 5.8 MPa, NO forms before the interaction,
primarily through thermal NO formation from atmospheric nitrogen. At P, = 3.8 MPa, NO
is generated alongside and propagates with the liquid ammonia spray, resulting in high
NO concentrations at the ammonia spray front. Further downstream, NO oxidizes to NO,
as the flame maintains temperatures conducive to oxidation reactions. At P, = 5.8 MPa, the
absence of stable ammonia combustion reduces NO formation at the ammonia spray front.
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Figure 22. The temperature, OH, NH3, DME, and NH, distributions at P, = 3.8 MPa.

[4 NO

< & 4 Mass fraction
N [T

0 0.003 0.007 0.01

(a) 0.66 ms (b) 0.69 ms (c) 0.90 ms (d) 2.50 ms (e) 3.00 ms

T = — NO
» ] / , Mass frazction
I

I )
0 0.0003  0.0007 0.001

(f) 0.66 ms (g) 0.69 ms (h) 0.90 ms (i) 2.50 ms (j) 3.00 ms

Figure 23. The NO and NO; distributions at P, = 3.8 MPa.
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Figure 25. The NO and NO; distributions at P, = 5.8 MPa.

Figure 26 illustrates variations in NO and NO, under different ambient pressures,
with NO formation starting at 0.46 ms across all pressures, preceding liquid ammonia
combustion. The highest NO formation rate is observed at P, = 3.8 MPa, where the
peak NO emission is approximately 54.35% higher than that at P, = 5.8 MPa. Higher
ambient pressures consistently result in lower NO emissions. At the post-combustion
stage, NO emissions at P, = 3.8 MPa remain 153% higher than that at P, = 5.8 MPa. NO
reacts with oxygen to form NOy, first appearing after 0.80 ms. This delay occurs because
NO oxidation to NO; is temperature-dependent. At lower pressures, NO, peaks are
broader, indicating more prolonged oxidation reactions. Conversely, at higher pressures
(P4 = 5.8 MPa), NO, formation occurs over a shorter duration due to reduced temperatures
limiting reaction rates. When the liquid ammonia spray ignites, NO and NO, form at its
head with accelerated generation rates. Increasing ambient pressure significantly reduces
NO and NO; production, leading to lower emissions but reduced combustion efficiency.
Among the three factors investigated, injection angle and ambient pressure exert the greatest
influence on liquid ammonia combustion efficiency and emissions compared to injection
pressure. Figure 27 presents a comprehensive analysis of the effects of injection angle (9)
and ambient pressure (P,) on liquid ammonia combustion efficiency and NO emissions. The
dashed and solid lines in Figure 27a represent 80% and 90% combustion efficiency contours,
respectively. Smaller injection angles (8 = 90°, 105°) provide a larger combustible range but
lower combustion efficiency. Increasing the angle to 120°, along with moderate ambient
pressure, achieves combustion efficiencies exceeding 90%. When the injection angle exceeds
120°, ammonia combustion efficiency decreases, with a higher risk of misfire. Figure 27b
evaluates NO emissions under the same operating conditions. It reveals a strong correlation
between higher ammonia combustion efficiency and elevated NO emissions. The peak NO
emissions of over 0.05 mg occur within the region where the combustion efficiency exceeds
90%, emphasizing the trade-off between combustion performance and pollutant formation.
Modes with lower combustion efficiency, particularly those susceptible to misfire, exhibit
significantly lower NO emissions. Four of the 20 modes achieve efficiencies exceeding 80%,
identified as Modes 1-4, with specific combinations detailed in Table 6. Figure 28 compares
the ammonia combustion efficiency, and the NO and NO, emissions across modes. Mode
2 produces the lowest NO and NO, emissions but also exhibits the lowest combustion
efficiency. Mode 3 achieves the highest combustion efficiency, exceeding 90%, but also
produces the highest NO and NO; emissions. Modes 1 and 4 achieve higher efficiencies
than Mode 2 but are associated with increased emissions. In conclusion, Mode 3 offers
the best balance between minimizing unburned ammonia and achieving high combustion
efficiency. However, its practical application requires mitigating the environmental impact
of NO and NO, emissions, necessitating the integration of emissions control systems such
as selective catalytic reduction.
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Table 6. Specifications for ammonia combustion efficiency of over 80%.

Modes Angle/° Ambient Pressure/MPa
Mode 1 105° 2.8
Mode 2 105° 3.8
Mode 3 120° 3.8
Mode 4 120° 4.8
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Figure 28. Comparison of combustion efficiency and emissions of modes 1-4.
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4. Conclusions

This study conducted a numerical investigation of NHj3 spray ignition by dimethyl
ether spray in a constant-volume chamber. The effects of injection angles (90° to 150°), NHs
injection pressures (60 to 90 MPa), and ambient pressures (2.8 to 5.8 MPa) on ignition and
emissions were investigated. The main conclusions are summarized below.

Increasing the injection angle improves mixing between liquid ammonia and dimethyl
ether sprays, promoting more uniform combustion. However, excessively large injection
angles lead to incomplete combustion or even misfire. Larger injection angles under
combustible conditions produce higher combustion efficiency and increased NO emissions,
with one specific 120° condition reaching over 90% liquid ammonia combustion efficiency.

Higher liquid ammonia injection pressure improves atomization and evaporation,
advancing the interaction between ammonia and dimethyl ether sprays. However, exces-
sively high injection pressure intensifies the cooling effect, reducing ammonia combustion
efficiency. Elevated liquid ammonia injection pressure also divides the high-temperature
region of dimethyl ether combustion, resulting in a higher NO formation peak. NO and
NO; concentrations show minimal variations across different injection pressures.

The evaporation of liquid ammonia suppresses dimethyl ether ignition at low ambient
pressures. As ambient pressure increases, liquid ammonia ignition becomes feasible; how-
ever, dimethyl ether combustion occurs earlier and closer to the nozzle. Liquid ammonia
combustion efficiency decreases at higher ambient pressures. Both NO and NO, production
decrease as ambient pressure increases.

Based on these findings, liquid ammonia injection pressure has a smaller influence on
ignition process than injection angle and ambient pressure. A spray angle of 120°, liquid
ammonia injection pressure of 75 MPa, and ambient pressure of 3.8 MPa are recommended
to achieve high combustion efficiency, while the NO emissions require treatment in the
exhaust gas.
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