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ABSTRACT

This comprehensive review examines the application of liquid-ammonia injection and combustion in
engine systems, highlighting the potential of liquid ammonia as a carbon-neutral fuel alternative. The
study synthesizes recent advancements in liquid-ammonia injection and combustion technologies,
addressing critical domains such as fundamental fuel properties, injection and spray dynamics, combus-
tion behavior, and engine performance. Key challenges are identified, including ammonia’s high latent
heat of vaporization, slow flame-propagation speed, narrow flammability range, and elevated NO, emis-
sions, while emphasizing the need for optimized injection strategies and nozzle designs to enhance
atomization and mixing. The research findings indicate that liquid-ammonia injection can significantly
reduce greenhouse gas emissions, with dual-fuel modes (e.g., ammonia-diesel) proving effective in over-
coming ammonia’s low reactivity. Studies show that both low-pressure and high-pressure dual fuel-
injection modes can achieve substantial emission reductions, with high-pressure injections offering bet-
ter thermal efficiency and lower NO, emissions. Innovative approaches, such as turbulent jet ignition,
stratified fuel injection, and hydrogen co-injection, have been explored to improve ignition efficiency
and combustion stability. Future research should prioritize the development of integrated solutions that
combine advanced combustion technologies, optimized engine designs, and effective emission-control
strategies. Collaboration between academia, industry, and policymakers will be crucial in driving the

adoption of ammonia as a sustainable fuel alternative.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

1.1. Background

of global energy consumption and approximately 450 Mt of carbon
dioxide (CO,) emissions in 2020 [7]. The focus on ammonia has dri-
ven a shift toward “green ammonia” production, which utilizes
renewable electricity, water, and air to produce hydrogen for syn-

The adoption of carbon-free energy sources and vectors has
emerged as a pivotal strategy to mitigate carbon emissions and
address climate-related challenges [1-3]. In recent years, ammonia
(NH3) has garnered significant attention as a potential energy
source due to its unique properties and the urgent need for sus-
tainable alternatives in the global energy transition [4,5]. Histori-
cally, ammonia has been predominantly used as a fertilizer, with
about 70% of global production allocated to this purpose [6].
Traditional ammonia production relies heavily on the Haber-Bosch
process, which is highly energy-intensive, accounting for about 2%
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thesizing ammonia, thereby reducing the latter’s carbon footprint
[8-11].

Fig. 1 highlights the role of ammonia as an energy carrier in a
future energy system. Ammonia has a high volumetric (108 kg-m—
H, in liquid NH3 at 20 °C and 8.6 bar) and gravimetric (17.8 wt%)
energy density [12], making it an efficient energy-storage medium.
It also offers a lower cost per unit of energy stored (0.54 USD-kg™!
H,, 182 days) [13], compared with hydrogen (14.95 USD-kg™! H,).
Unlike hydrogen, ammonia can be stored and transported rela-
tively easily at reasonable temperatures and pressures, making it
particularly attractive for maritime shipping and long-term energy
storage [14,15]. Additionally, ammonia can be catalytically
decomposed into CO4-free hydrogen [16-18] or directly used in
power-generation devices such as engines, turbines, and fuel cells

2095-8099/© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.eng.2025.09.008&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.eng.2025.09.008
http://creativecommons.org/licenses/by/4.0/
mailto:wu.hao@kaust.edu.sa
https://doi.org/10.1016/j.eng.2025.09.008
http://www.sciencedirect.com/science/journal/20958099
http://www.elsevier.com/locate/eng

H. Wu, F. Almatrafi, M.B. Houidi et al.

Production Transport
(Renewable energy ..,. N ' Tankertruck
i | B ! | e :
| = 1 (B or
P i S o
| SolarPV  Hydro _ Wind __Geothermal ! Il ) |
E Railway

Pipeline

Small-scale electro- Large-scale H&B

‘ 1] A

i H |

! chemical synthesis | ! ) p_rEiuctio i Ship

A O !

1 1o ! o

' i’-;-j:l: i | "aETsceseasy

' - Fed ) i ’ = Fossil fuel =P OXyC

fs e e =p Carbon dioxide = Nitrog
NH, =p Hydrogen - Air

1
1
'
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
'
1
1
|
1
|
1
1
1
'
1
'
1
'
1
\

Underground storage !

{"Fuelcell ICE " ['Residence Industry

: S | | D Sy :

J ; .k ! g m & :
—————————————— ; o | A, H
=» Ammonia ' Tubine,  Fumae £ Transportations |

1 |

1 |

\ 1

Engineering 59 (2026) 82-117

Storage Utilization
" largescale ) " Agriculture Chemistry Pharmacy Military
industrial storage ! Non-energy 1 == * 5 e £ |
' sector ! STRY ) “ :
! i :
s iR
- i : y. | ™\ !
1 | 3 9L iy 2 - | 1
Small-scale ! ' S A NPE
tank storage | | ! i H,fuel * 3'/:94; i
& : i i L cell vehicles s i

| Energy sector

AP

.
1 st 3
o

Fig. 1. The key role of ammonia as an energy carrier in a future energy system. ICE: internal combustion engines; SOFC: solid oxide fuel cells; PV: photovoltaic; CCS: carbon

capture and storage; H&B: Haber-Bosch process.

[19,20]. Furthermore, ammonia has been manufactured and trans-
ported globally for more than a century, benefiting from an exist-
ing high-capacity infrastructure [21]. The shipping industry, in
particular, views ammonia as a promising alternative to traditional
marine fuels, given its potential to reduce emissions [22].

The use of ammonia as a fuel traces its origins to the early 20th
century, with notable experiments conducted during the 1940s
and later periods [23-27]. However, recent advancements in
renewable energy technologies and the growing emphasis on sus-
tainability have rekindled interest in ammonia as an energy source.
By 2050, it is projected that over 50% of global ammonia manufac-
turing capacity will be dedicated to energy decarbonization [28].
Despite its potential, ammonia’s widespread adoption still presents
challenges, including high green-production costs, the need for
technology to address renewable-energy intermittency [29], and
safety concerns regarding its hazardous nature [6]. Ongoing
research and development and robust policy support are essential
to overcome these barriers and realize ammonia’s potential as a
sustainable energy carrier.

1.2. Ammonia as a sustainable fuel

Ammonia presents several key advantages as a fuel in trans-
portation and industrial processes [30]. As a carbon-free com-
pound composed only of nitrogen and hydrogen, ammonia
produces no direct CO, emissions when combusted, making it an
attractive option for reducing greenhouse gas (GHG) emissions
[31]. Its liquefiability at relatively modest pressures and tempera-
tures makes it practical for storage and transportation, offering
superior energy density and manageable infrastructure require-
ments [32]. Additionally, ammonia’s versatility allows it to be uti-
lized across multiple sectors, including maritime transport, power
generation, and industrial processes, with the potential for “green
ammonia” production using renewable electricity [33]. Its versatil-
ity in application methods, ranging from direct use in modified gas
turbines to co-firing with traditional fuels, offers flexible pathways
for adoption while leveraging existing infrastructure [21].

Ammonia shows significant promise as a fuel across various
sectors, with particular applicability in maritime transportation
[34,35]. Its low reactivity and slower burn rate suit low-speed
engines, enabling ocean vessels to transition from carbon-
intensive bunker fuel to ammonia power, thereby reducing ship-

83

ping’s environmental impact. Several major shipping companies
and engine manufacturers have already begun developing and
testing ammonia-powered marine engines [36-40]. In the power-
generation sector, ammonia can be utilized in modified gas tur-
bines or fuel cells. Some power companies are synchronously
exploring co-firing ammonia with coal or natural gas in existing
power plants as a transitional solution [41-43]. Industrial pro-
cesses are another key application, where ammonia serves as both
fuel and chemical feedstock. The fertilizer industry’s extensive
ammonia-handling experience provides a natural expansion start-
ing point. Research continues into stationary power applications
and specialized vehicles, although vehicular use presents greater
technical and safety challenges due to ammonia’s toxic nature
[5,13].

Ammonia combustion is a complex process with unique charac-
teristics that make it both promising and challenging. Table 1
[23,44-47] summarizes the fundamental physical and chemical
properties of ammonia compared with those of other commonly
used fuels. Ammonia is characterized by its well-known low reac-
tivity, which results in poor ignition characteristics and a narrow
flammability range (15%-28% by volume in air) [48,49]. Its mini-
mum ignition energy is significantly greater than that of hydrogen
and other hydrocarbon fuels, making it difficult to ignite under
normal conditions. This poses a particular challenge for internal-
combustion engines, where rapid and reliable ignition is essential
for stable operation [50,51]. However, ammonia has a high-
octane number of 110, indicating its superior anti-knock properties
compared with gasoline [44]. The narrow flammability range
means that ammonia combustion is more sensitive to variations
in the air-to-fuel ratio; thus, maintaining stable combustion
becomes more challenging [52]. As a result, precise control of the
fuel injection and mixing processes is crucial for efficient ammonia
combustion. Another significant challenge associated with ammo-
nia combustion is its slow flame-propagation speed [53], which
makes it difficult for the flame to propagate efficiently through
the fuel mixture. This results in longer combustion duration and
lower thermal efficiency. Additionally, the adiabatic flame temper-
ature of ammonia is only approximately 1800 °C, lower than those
of hydrogen, natural gas, and other traditional liquid fuels [54].
This lower temperature, combined with the absence of CO, in
the exhaust, reduces radiative heat transfer and causes combustion
delay [55].
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Table 1
Physical and chemical properties of various types of fuels [23,44-47].
Fuel Density Lower Octane Boiling Latent Minimum Maximum Flammability =~ Auto- Adiabatic
(kg-m~3)*P heating number point heat of ignition laminar flame limit ignition flame
value (°C) vaporization energy speed (cm-s~')*" (vol%)? temperature temperature
(MJ-kg™) (kg™ (mJ)*< (K) (K)
Ammonia 681 18.80 110 -334 1369 8.00 7 15-28° 923 1800
Hydrogen 711 120.10 130 -253 431 0.02 291 4-75.6 850 2390
Methane 424 50.00 108 -161 510 0.29 37 5.3-15 813 2225
Ethanol 791 26.95 100-130 784 838 023 40 4.3-19 698 2193
Methanol 792 20.09 109 64.6 1100 0.14 55 6-36 738 2143
Gasoline 750 42.40 90-98 30-200 300-350 0.24 58 1.4-7.6 ~623 2580
Diesel 845 43.50 40-55 180-230  250-270 0.24 87 0.6-5.5 ~523 2300

¢ Pressure at 1 atm, 1 atm = 1 bar = 101325 Pa.
Temperature at 300 K.

At stoichiometry.

In air.

b
c
d
€ Gas phase.

In addition to these technical challenges, ammonia combustion
produces unique emissions requiring careful management. Ammo-
nia’s high nitrogen content leads to increased NO, emissions dur-
ing combustion [44,48]. Specifically, both nitric oxide (NO) and
nitrous oxide (N,0) are formed during ammonia combustion, with
N,O being particularly problematic due to its high global warming
potential (GWP) (265-298 times that of CO,) [56]. Moreover,
incomplete ammonia combustion can result in significant
unburned NH3 emissions, posing environmental and health risks
[57]. To mitigate these emissions, various strategies have been
explored, including optimizing combustion conditions, using
exhaust-gas recirculation (EGR), and employing selective catalytic
reduction (SCR) systems [58]. While the characteristics of ammo-
nia combustion pose significant challenges for its practical applica-
tion, ongoing research and technological advancements are
gradually overcoming these obstacles. Given its potential to con-
tribute to a low-carbon future, ammonia combustion remains an
area of active investigation and development.

1.3. Overview of liquid-ammonia injections and applications

Liquid ammonia presents numerous advantages as a combus-
tion fuel, making it a practical option for a wide range of applica-
tions [59-61]:

Higher volumetric energy density. Liquid ammonia has a sig-
nificantly higher volumetric energy density than gaseous ammo-
nia. Thus, liquid ammonia can store more energy in a given
volume, making it more efficient for transportation and storage.
This is particularly advantageous in applications with limited space
and infrastructure.

Simplified supply system. Using liquid-phase ammonia at ter-
minals eliminates the need for additional devices (i.e., vaporizers,
electric heaters, and accumulators) for gaseous conversion. This
full-chain liquid-ammonia path from supply to application reduces
evaporation-related energy consumption. Liquid ammonia also
enables more accurate fuel metering and flow control than gaseous
ammonia.

Compatibility with direct-injection systems. Direct injection
(DI) of liquid fuels is well-established in internal-combustion
engines and gas turbines. High-pressure liquid ammonia can uti-
lize existing injectors, enabling liquid-ammonia DI. This method
is a primary approach for investigating liquid-ammonia spray
and combustion, given the absence of mature ammonia-specific
injectors. However, the use of conventional gasoline and diesel
direct injectors for liquid-ammonia injections poses reliability
concerns.
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Cost efficiency. Liquid ammonia can be transported using exist-
ing infrastructure—such as pipelines, trucks, and ships—with min-
imal modifications. Storage and transportation costs for liquid
ammonia are lower than those for gaseous ammonia. This can
make liquid ammonia more economically viable as a fuel, particu-
larly in applications where fuel must be transported over long
distances.

Fig. 2 maps liquid-ammonia injection test conditions from the
current literature onto an ambient pressure-temperature phase
diagram, with colors indicating research methods. Current
research focuses on three aspects: liquid-ammonia injection into
low-pressure, low-temperature environments, with an emphasis
on flash-boiling spray characteristics; injection into high-
pressure, low-temperature environments that characterize non-
reactive spray behavior; and injection into high-temperature,
high-pressure environments to examine spray combustion charac-
teristics that simulate engine operating conditions and reactive
states. Table 2 summarizes practical liquid-ammonia injection
applications within specific ambient pressure and temperature
ranges based on these test conditions.

Prior to 2021, relatively few studies were conducted on liquid-
ammonia injections. However, in recent years, this area has seen
exponential growth. The trends shown in Fig. 3 indicate that
flash-boiling studies—in which ammonia is injected into a low-
pressure ambient—have gained more momentum than high-
pressure injection studies, likely due to the relative ease of exper-
imental setup. However, in 2024, flash-boiling studies were fewer
than elevated-pressure studies, likely due to the additional time
required to establish safer high-pressure experimental setups.
Additionally, the consensus on ammonia being more suitable as a
retrofit fuel for dual-fuel, diesel-based engines may have con-
tributed to this shift.

In addition to the fundamental challenges associated with burn-
ing ammonia as a fuel, another non-negligible issue related to the
DI and combustion of liquid ammonia pertains to its high latent
heat of vaporization [23,58]. The high latent heat of vaporization
of liquid-ammonia spray significantly impacts the combustion pro-
cess by creating a strong local cooling effect as droplets evaporate
[62]. This cooling effect substantially reduces the temperature in
the spray region, inhibiting flame propagation and slowing chem-
ical reaction rates [63]. In extreme cases, it may even lead to flame
extinction [64]. To address these challenges, ammonia combustion
systems often require additional energy input to maintain stable
combustion. Strategies such as increasing compression ratios
(CRs) [65,66], preheating air [67,68], or using pilot fuels [69,70],
have been explored to counteract the strong evaporative cooling
effect and ensure efficient and stable combustion.
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Fig. 2. Test conditions of experimental liquid-ammonia injection in the literature, plotted on an ammonia injection pressure-temperature phase diagram.

Table 2

Ambient pressure and temperature range of liquid-ammonia injection in different

applications.

Application Ambient pressure Ambient temperature
range (bar) range (°C)

PFI°-ICE 0.5-2.5 15-100

DI-ICE (early injection) 0.5-5.0 15-100

DI-ICE (late injection) 50-150 300-700

GT 1-30 300-600

PFI: port fuel injection; GT: gas turbine.

2 Port fuel injection.
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Fig. 3. Trends in ammonia injection research over the years, categorized by

ambient pressure.

1.4. Motivation and outline

This paper reviews recent research progress on the injection of
liquid ammonia as a fuel and its application in combustion engines.
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It does not further discuss the topics of where, when, or whether
liquid ammonia should be used as an energy carrier. The preceding
sections have summarized the attractiveness of using ammonia as
a fuel, the growing interest in ammonia combustion, and potential
technical challenges. Previous articles have already extensively
covered gaseous ammonia combustion, with excellent reviews
and research work on chemical reaction mechanisms [71-74],
basic combustion characteristics [48,49,75-77], combustion insta-
bility [78-81], combustion emissions and control [44,51,82], com-
bustion applications [58,83-85], and combustion modeling [86-
89].

This paper synthesizes recent liquid-ammonia research from
fundamental spray characteristics to engine implementation. Sec-
tion 2 examines liquid-ammonia injections in low-pressure envi-
ronments, emphasizing flash-boiling spray behavior. Section 3
explores spray dynamics under high-pressure, high-temperature
conditions, covering both non-reacting sprays and combustion
phenomena. Section 4 analyzes practical liquid-ammonia DI appli-
cations in engine systems. Section 5 identifies literature knowledge
gaps, highlights key contemporary findings, and provides future
research directions in this rapidly evolving field.

2. Liquid-ammonia injection into low pressure

Spray flash boiling occurs when pressurized liquid is rapidly
depressurized below its saturated vapor pressure, causing instan-
taneous, explosive liquid-to-vapor phase change [90]. In this pro-
cess, the pressurized liquid (or typically preheated to near
boiling point) is injected through a nozzle into a lower-pressure
environment. The sudden pressure drop creates superheat and
thermodynamic instability [91]. This triggers rapid vapor bubble
nucleation throughout the liquid, disrupting its structure and caus-
ing explosive vaporization. The rapid expansion significantly alters
the spray characteristics, typically resulting in wider initial spray
angles, smaller droplet sizes, enhanced atomization, and increased
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rapid mixing and heat transfer [92,93]. Flash boiling in sprays is
still an active area of research, with relevant research progress
summarized in the latest reviews [94-96].

Fig. 4 shows the ammonia phase diagram with the gas-liquid
saturation line. Two pathways induce liquid-ammonia boiling:
increasing the temperature at constant pressure above the satura-
tion temperature (A — S; — C) or decreasing the pressure at con-
stant temperature below the saturation pressure (B — S; — C).

The extent of flash boiling is characterized using two methods:
pressure/temperature difference or pressure ratio [96]. The first
uses the superheat degree (SD), which is defined as the difference
between the saturated vapor pressure and the ambient pressure
(Psp — P.) or between the fuel temperature and the boiling temper-
ature (T, — Ts;). The second uses the superheat index, a dimension-
less ratio expressed as either Psy/P, or P,/Ps; [97]. For an injected
superheated liquid, P,/Ps, < 1 [92,98], with values near 0.3 marking
the onset of flash boiling [99]. For an injected subcooled liquid,
P./Ps; > 1. To maintain consistency, this review adjusts all reported
values to match the first definition. Additionally, the term “super-
heat degree” is sometimes used interchangeably to describe both
parameters.

2.1. Liquid-ammonia injection using single-hole injectors

Single-hole injectors provide a simplified, controlled environ-
ment for spray analysis by eliminating plume interactions,
enabling precise measurements of spray evolution, penetration,
and atomization. They minimize pattern variability, allowing the
isolation of parameters such as injection pressure and nozzle
geometry. Table 3 [100-111] summarizes extensive recent experi-
mental research on liquid-ammonia spray.

Li et al. [100] (Fig. 5) reported superheated ammonia spray
characteristics across different saturation-ambient pressure ratios
(Rp), identifying three flashing regimes: initial-flashing
(1.0 < Ry < 2.0), transitional-flashing (2.0 < R, < 5.0), and flare-
flashing (R, > 5.0). Near-field analysis showed that the bubble
explosion intensity depends on the SD and fuel viscosity. Far-
field penetration exhibited three stages—flashing-dominated, tran-
sitional, and quasi-steady—with time-dependence exponents devi-
ating from traditional spray models. While ammonia spray
penetration resembles that of diesel under critical- and initial-
flashing conditions, bubble behavior increasingly dominates pene-
tration evolution under transitional- and flare-flashing conditions.

The team'’s subsequent investigation [101] of near-field charac-
teristics and two-phase distribution in superheated ammonia
sprays revealed exponential spray-volume expansion when the
non-dimensional SD fell below 0.5. At a fuel temperature of

160
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Fig. 4. Ammonia phase diagram and vapor pressure at gas-liquid equilibrium. bara:
bar absolute.
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338 K, the spray volume increased by 200% within 1 mm below
the nozzle. The maximum gasification ratio reached 3.5% at high
temperatures, demonstrating the significant impact of bubble puff-
ing and micro-explosions in the near-field region.

Ma et al. [102] studied flash-boiling spray characteristics and jet
fluctuation in high-pressure liquid-ammonia injection, identifying
three axial-development stages dominated sequentially by flash
boiling, unbroken liquid-core acceleration, and broken liquid-core
inertia (Fig. 6). The first and third stages negatively correlated with
the SD, while the second correlated positively with the initial
velocity. High-speed shadowgraphy revealed a decreasing spray
area with increasing ambient temperature, disappearing swirling
vortices, and increased asymmetry. Near-nozzle regions exhibited
significant instability under flare flash-boiling conditions, with
fluctuations intensifying up to 59% at elevated temperatures due
to thermal disturbances.

Fang et al. [103] experimentally investigated high-pressure
liquid-ammonia injection under non-flash and flash-boiling condi-
tions, revealing a “spray-resistance phenomenon” characterized by
suppressed liquid penetration and spray tip velocity during initial
injection, particularly below 0.7 MPa ambient pressure. This phe-
nomenon, attributed to needle-lift-induced cavitation and subse-
quent vapor formation, obstructed the nozzle hole, reducing the
mass flow rate and spray tip velocity. Flash-boiling conditions
caused near-nozzle spray expansion and bubble explosion, rapidly
increasing the spray width and altering aerodynamic behavior.
Under non-flash conditions, the Hiroyasu and Arai’s model [112]
predicted liquid penetration within 3% accuracy at 4 MPa ambient
pressure, outperforming the Naber and Siebers’ model [113]. Addi-
tionally, this team [104] measured the droplet diameter and veloc-
ity of high-pressure liquid-ammonia sprays up to 75 MPa using a
phase Doppler particle analyzer, which determines particle veloc-
ity and size by measuring phase differences between Doppler sig-
nals from intersecting laser beams [114]. Compared with that of
diesel at 1 MPa ambient pressure, ammonia’s Sauter mean diame-
ter (SMD) was 50%-70% smaller across injection pressures of 25—
75 MPa, attributed to its lower viscosity and higher evaporation
rate. Above an injection pressure of 25 MPa, ammonia’s SMD
remained below 12 pm.

Liu et al. [105] employed particle-droplet image analysis based
on shadowgraphy to measure liquid-ammonia spray droplets and
characterize their microscopic properties, although this method
is limited to localized dilution zones and requires accurate individ-
ual droplet identification. Microscopic statistics revealed that the
most probable droplet size increased from about 13 pm at
R, = 0.12 to approximately 26 pum at R, = 1.06 (ambient to satu-
rated pressure ratio), with corresponding SMD growth from about
20 to about 60 pm and significant reduction in droplet number
density. While ambient temperature minimally affected the
macroscopic spray morphology, it significantly increased evapora-
tion, particularly at 373 K, where droplet density reached mini-
mum values.

Li et al. [106] employed high-resolution microscopic drop-size
imaging to measure liquid-ammonia spray droplet-size distribu-
tions (Fig. 7). Under flare-flashing conditions (P, = 0.1 MPa), the
distribution exhibited an M-shaped cumulative volume curve, best
fitted by the BIDoseResp function. This bimodal distribution
resulted from vertex recirculation, with numerous small droplets
dominating the probability density, while fewer large droplets con-
tributed significantly to the cumulative volume, confirmed by dual
volume density peaks. The bimodal pattern reflects complex
spray-air interactions under flare-flashing conditions. As the ambi-
ent pressure increased from 0.2 to 0.8 MPa, flash boiling transi-
tioned from transitional to initial flashing regions, with the
probability densities showing corresponding rightward shifts in
droplet-size distribution.
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Table 3
Summary of recent experimental investigations of liquid-ammonia spray using single-hole injectors.

Reference Injector Condition Methods Key conclusions
Hole Hole Injection Ambient
type diameter
(mm)

Li et al. [100] Single 0.28 300 bar, 35-65 °C 1.0-29.5 bar, 298 K CVC, DBI Quantified near-field bubble explosion and far-field penetration dynamics
across flashing regions; highlighted viscosity-driven bubble explosion and
atypical penetration scaling

Li et al. [101] Single 0.28 300 bar, 35-65 °C 1.0-29.5 bar, 298 K, CVC, DBI, micro-imaging; Quantified near-field gasification (< 3.5%) and its exponential impact on two-

1.17-34.5 kg-m— Schlieren imaging phase distribution; highlighted bubble puffing as the primary vaporization
mechanism

Ma et al. [102] Single 0.32 300 bar, 291 K 0.1-0.8 MPa, 291- CVC, high-speed shadowgraphy  Spray exhibits three-stage axial penetration: flash-boiling-dominated,

600 K unbroken liquid core acceleration, inertia-dominated

Fang et al. [103] Single 0.168 50-100 MPa, 300 K 0.1-4.0 MPa, 300 K CVC, DBI The “spray resistance phenomenon” occurs under P,my, < 0.7 MPa; liquid
penetration and tip velocity are suppressed during 0-0.05 ms ASOI due to
cavitation inside the nozzle from needle lift effects

Fang et al. [104] Single 0.168 25-75 MPa, 298 K 0.1-1.0 MPa, 198 K CVC, PDPA The SMD of liquid ammonia is 50%-70% smaller than that of diesel due to
lower viscosity and higher evaporation rate; flash boiling reduces the SMD
further

Liu et al. [105] Single 0.7 10 bar, 293 K 1.0-9.0 bar, 293-373 K CVC, PDIA, Schlieren imaging Spray morphology transitions from radial expansion (flare) to axial
contraction (transition) as pressure ratio increases. Reported microscopic
droplet statistics for ammonia spray under flash-boiling conditions

Li et al. [106] Single 0.186 3.0-9.0 MPa, 295 K 0.1-0.8 MPa, 295 K CVC, DBI, MDSI, LIBS Performed LIBS-based quantitative ammonia concentration measurement.
Flare-flashing generates bimodal droplets due to micro-explosions and
recirculation; slow evaporation under flare-flashing due to ammonia’s high
latent heat

Zhong et al. [107] Single 0.12, 0.32, 30 MPa, 291 K 0.1-3.0 MPa, 291 K CVC, high-speed shadowgraphy  SMD increases with larger nozzle diameters; with a 0.32-mm nozzle, shows

and 0.52 optimal spray characteristics (balanced penetration, cone angle, and
atomization)

Shen and Leach [108] Single 0.55 150 bar, 20 °C 3-11 bar, 20 °C CVC, DB, laser diffraction Observed a “plume-necking” phenomenon downstream of the injector tip
under various conditions. Transition between flash and non-flash-boiling
regions appeared abrupt for droplet size

Colson et al. [109] Single  0.10-0.21 0.60-1.4 MPa, 270-293 K 1.0 bar Backlit imaging High nozzle aspect ratio and superheat trigger flashing, drastically increasing
spray angles

Desclaux et al. [110] Single 0.165 70 bar, —10-50 °C 1.0-7.0 bar, 28 °C, CVC, Schlieren imaging, K-type Higher SD reduces axial penetration, increases spray angle, and enhances

1.12-8 kg-m~3 thermocouples lateral expansion. Minimum spray temperature reached -60 °C under flash
boiling

Bjorgen et al. [111] Single 0.17 70 bar, —10-50 °C 0.15-7.0 bar, 28 °C, CVC, Schlieren, K-type SD alone is insufficient to fully characterize flash-boiling state. Observed

0.11-8 kg-m™

thermocouples

shock waves in the ammonia spray for very high SD

D 32 1poH “g'W ‘Ypapwyy f ‘N H

ASOL: after start of injection; CVC: constant-volume chamber; DBI: diffuse background illumination; LIBS: laser-induced breakdown spectroscopy; MDSI: microscopic drop size imaging; PDIA: particle droplet image analysis; PDPA:
phase Doppler particle analyzer; SMD: Sauter mean diameter.

211-28 (9207) 65 Surauisug
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Fig. 5. Morphological features of superheated ammonia spray under different pressure ratios. P,: ambient pressure; Tge: fuel temperature. Reproduced from Ref. [100] with

permission.
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Fig. 6. Stage development process of spray under 0.2 MPa ambient pressure. Reproduced from Ref. [102] with permission.

Zhong et al. [107] examined nozzle diameter effects on the
macroscopic and microscopic characteristics of flash-boiling
liquid-ammonia sprays. High-speed shadowgraphy revealed that
smaller diameters (0.12 mm) promoted intense radial expansion
and vortex formation through enhanced thermodynamic fragmen-
tation under low SDs, while larger nozzles (0.52 mm) produced
asymmetric spray structures and larger droplets due to higher flow
rates and weaker bubble nucleation. Microscopic analysis revealed
non-monotonic droplet-size distribution trends, with the most
probable droplet size increasing marginally for the largest diame-
ter (0.52 mm). Spray SMD increased with nozzle diameter, partic-
ularly during non-flash boiling, where it rose up to 35%. Optimal
spray performance balancing atomization, penetration, and radial
dispersion was achieved using a 0.32-mm nozzle. Shen and Leach

[108] also investigated liquid-ammonia spray atomization charac-
teristics through droplet-diameter analysis. Flash-boiling condi-
tions at low ambient pressure produced significant radial
expansion, shortened penetration lengths, and reduced droplet
sizes, with an SMD reaching 16 pum at 3 bar ambient pressure.
Higher ambient pressures suppressed flash boiling, yielding longer
penetration lengths and larger droplets (SMD of ~30 pm at 15 bar).
A bimodal droplet-size distribution emerged, with smaller droplets
predominating under flash-boiling conditions.

Colson et al. [109] studied injection temperature and nozzle
geometry effects on liquid-ammonia spray flashing transitions
using single-hole nozzles. The transition between non-flash and
flash boiling strongly depended on the nozzle aspect ratio L/D, with
a critical threshold of L/D = 5 identified for flash-boiling onset,
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Fig. 7. (a-e) Statistic results for drop-size characteristics under different ambient conditions; (f) summary of volume density under injection pressure Pi,; = 9.0 MPa. d;¢:
linear average diameter; ds,: Sauter mean diameter; 4s: dimensionless span number; dy1o, dyso, and dygo: the volumes of all droplets smaller than 10%, 50%, and 90%.

Reproduced from Ref. [106] with permission.

attributed to increased heterogeneous nucleation near nozzle
walls. Jacob and Weber number transition criteria were validated
but showed deviations, due to ammonia’s low viscosity and surface
tension promoting bubble nucleation. Glass nozzle observations
revealed that minor geometry variations, such as orifice tapering,
could trigger internal flashing and enhance atomization.

Desclaux et al. [110] investigated the behavior of superheated
ammonia sprays under flash-boiling conditions. With Schlieren
imaging and thermocouples, they demonstrated that reducing R,
significantly amplifies radial spray expansion, with a notable
change observed at R, > 8.85, resulting in distinct flaring of the lig-
uid plume. Spray penetration exhibited a non-linear relationship
with Ry, initially increasing before stabilizing due to increased bub-
ble formation and droplet fragmentation near the nozzle. The cool-
ing effect induced by flash boiling led to temperature reductions of
up to —60 °C near the spray core, indicating a correlation with the
latent heat vaporization.

Bjorgen et al. [111] further investigated the flash-boiling
dynamics of superheated liquid-ammonia sprays. Their results
showed that higher SDs led to significant radial spray expansion
and reduced penetration, primarily due to increased bubble nucle-
ation within droplets. At R, > 4, radial expansion dominated over
penetration, effectively decoupling spray morphology from ambi-
ent density effects. Near-field analysis revealed that, for high R,
the liquid core became less dense and exhibited shock-wave for-
mation, with shocks becoming more pronounced as R, increased
beyond 65, as presented in Fig. 8. In-spray temperature measure-
ments highlighted substantial cooling within the spray core, with
minimum temperatures reaching as low as —66 °C at low ambient
pressures. This significant cooling was attributed to ammonia’s
high latent heat of vaporization.

In addition to the experimental investigations discussed above,
several researchers utilized numerical methods to study the
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behavior of liquid-ammonia sprays from single-hole nozzles. A
summary of these studies is presented in Table 4 [115-118].

Huang et al. [115] investigated high-pressure liquid-ammonia
injection under flash-boiling and non-flash-boiling conditions.
Lower ambient pressure produced longer spray penetration and
higher gas-phase velocity, while the ammonia vapor mass fraction
decreased with increasing ambient pressure, intensifying heat
transfer and lowering the gas-phase temperature. Flash-boiling
sprays exhibited high initial droplet velocity, significant radial
expansion shortly after injection, and larger evaporation source
terms compared with non-flash-boiling sprays, which showed
lower droplet velocity, moderate velocity variation over time,
and weaker radial expansion.

An et al. [116] numerically evaluated five phase-change models
for liquid-ammonia flash sprays under various temperatures and
pressures. The combined Zuo and Langmuir-Knudsen (LK) model
(Eq. (1)) proved most suitable for superheated conditions, match-
ing experimental penetration length and spray characteristics data
(Fig. 9). Evaporation rate increased with decreasing pressure, sig-
nificantly reducing droplet and gas-field temperatures. The ammo-
nia vapor mass fraction showed complex temperature
relationships: initially decreasing then increasing under low pres-
sure, while positively correlating at high ambient pressure. These
findings highlight vaporization cooling effects and pressure’s influ-
ence on droplet-gas phase interactions, which are critical for
liquid-ammonia combustion applications.

2L
Xneq,s = Xeq,s - (TK) ﬁ

where )pneqs and xeqs are vapor molar fraction at the droplet surface
contains non-equilibrium and equilibrium term, respectively; Ly is
the Knudsen layer thickness; d is the droplet diameter; g is the
non-dimensional evaporation parameter.

(1)
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Table 4

Recent simulation studies of liquid-ammonia spray using single-hole injectors.

Fig. 8. Shock waves observed for high R, cases in a Schlieren setup. Reproduced from Ref. [111] with permission.

Reference Injector Conditions Methods Key conclusions
Hole Hole Injection Ambient condition
type diameter  condition
(mm)
Huang et al. [115] Single 0.168 50-100 MPa, 0.1-4.0 MPa, CFD based on Flash sprays have higher initial droplet velocity
300 K 300 K Eulerian-Lagrangian  (decaying rapidly), much higher evaporation rates,
framework; LES significant radial expansion early on, lower gas
using OpenFOAM temperatures in the core, and stronger preferential
concentration compared with non-flash sprays
An et al. [116] Single 0.28 30 MPa, 308 and 0.101-2.952 MPa,  CFD based on The combined Zuo + LK model provided the best
338K 298 K Eulerian-Lagrangian  agreement with experimental data, capturing
framework; LES details such as spray collapse and droplet
using OpenFOAM recirculation
Wang et al. [117] Single 0.21 0.87-1.09 MPa, 0.1 MPa, 298 K CFD based on Flash-boiling mechanism: SD and orifice aspect
270-295 K Eulerian-Lagrangian ratio significantly affect spray expansion via
framework; RANS internal bubble development. Higher
with VOF superheat/longer orifices promote intense flash
boiling
Zhou et al. [118] Single 0.22 60 MPa, 298- 298, 900, and CFD based on The evaporation process of liquid-ammonia spray
350 K 1000 K; 15, 18, Eulerian-Lagrangian  under these conditions is mixing-controlled (fuel-
and 21 kg-m— framework; RANS air mixing), not controlled by local interphase

and LES

transport at the droplet surface (consistent with
diesel)

CFD: computational fluid dynamics

Cla

d

; LES: large eddy simulation; RANS: Reynolds-averaged Navier-Stokes; VOF: volume of fluid; LK: Langmuir-Knudsen.

37.5

75.0
)

(e)

0.9

Fuel vapor
l mass fraction

0

37.5

75.0

(b)
Zuo + LK
0 0.3
Fuel vapor
. mass fraction

0

®

Fig. 9. Morphological features of superheated ammonia spray: experimental measurements and predictions using various phase-change models. (a)-(e) are simulation
results, and (f) is experiment (Exp.) benchmark. Cla: classical; AS: Abramzon and Sirignano. Reproduced from Ref. [116] with permission.
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Wang et al. [117] utilized 2D numerical simulations to investi-
gate flash-boiling liquid-ammonia spray characteristics, focusing
on orifice aspect ratios and SDs. They validated the Eulerian frame-
work and homogeneous relaxation model (HRM) for simulating
flash-boiling ammonia sprays through a comparison with experi-
mental data from Colson et al. [109]. The rate of phase change is
modeled by
dy = (V' =) (1 - e) 2)
where dY, is the change in liquid mass fraction after timestep dt,
and 0 is the relaxation timescale over which the phase change is
expected to occur.

Higher SDs significantly enhanced bubble growth and phase
transitions, improving atomization and fuel-distribution unifor-
mity. An aspect ratio (L/D) of 10 produced a unique gas-phase dis-
tribution with a lower void fraction near walls and a higher
fraction near the center axis, indicating intense phase transitions
at the nozzle exit. Fig. 10 [117] shows axial and radial temperature
distributions for four sprays. Flash boiling significantly accelerates
atomization while notably reducing the spray-area temperature,
with the temperature decrease intensifying as the SD increases. A
higher superheat causes internal flash boiling and rapid vaporiza-
tion, creating sharp temperature drops downstream of the injec-
tion nozzle that gradually flatten. The radial temperature
distribution exhibits an M-shaped profile from the competing
effects of droplet evaporation and convective heat transfer with
ambient gas. While flash boiling enhances atomization, it substan-
tially reduces spray temperature.

In addition, Zhou et al. [118] conducted theoretical and numer-
ical investigations on high-pressure DI liquid-ammonia spray sim-
ilarity across different engine sizes and nozzle-hole dimensions.
They established single-value conditions and two similarity laws
for scaling liquid-ammonia sprays, demonstrating that both the
speed law and pressure law achieve similarity in fuel-injection
rate, spray breakup, spray tip penetration evolution, and maximum
liquid length.

2.2. Liquid-ammonia injection using multi-hole injectors

Multi-plume sprays from multi-hole injectors closely represent
actual engine applications, as these injectors ensure sufficient fuel
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delivery while synergizing with combustion chamber geometry to
optimize mixing. Table 5 [119-124] summarizes recent studies on
liquid-ammonia spray characteristics from multi-hole injectors.

Pelé et al. [119] conducted the first experimental study on
liquid-ammonia spray characteristics using Schlieren imaging
(Fig. 11). Ammonia sprays showed greater sensitivity to air density
and temperature than conventional fuels, producing longer, nar-
rower sprays under low-air-density conditions. Flash-boiling con-
ditions near saturation pressure (8.8 bar at 20 °C) yielded wider
spray angles at half penetration length, with notable collapse
effects from vapor condensation. The researchers developed a
semi-empirical correlation for spray-penetration prediction based
on thermodynamic parameters, achieving high accuracy.
Temperature-sensitivity quantification revealed exponential coef-
ficient values of 0.46 for liquid ammonia, 0.30 for gasoline, and
0.21 for methanol, confirming ammonia’s heightened temperature
responsiveness.

Using a Bosch six-hole injector, Akram et al. [120] experimen-
tally studied ammonia spray flash-boiling behavior. Ammonia
exhibited significantly greater vaporization than methanol, etha-
nol, or gasoline, particularly as the injector tip temperature
increased to 300 °C, which was consistent across chamber pres-
sures of 10 and 30 bar. At a chamber pressure of 10 bar, ammonia
showed the lowest penetration rates and spray areas, while other
fuels demonstrated comparable values. Generally, increasing the
injector tip temperature at a lower chamber pressure decreased
the penetration rates and spray areas for all fuels. At a chamber
pressure of 30 bar, ammonia and other fuels exhibited similar pen-
etration rates and spray area ranges.

Scharl et al. [121] investigated fuel-temperature and injection-
timing effects on ammonia DI, innovatively measuring injection
mass and evaluating discharge coefficients through exhaust-gas
composition analysis during engine operation with ammonia injec-
tion but without combustion. Increasing the fuel temperature
decreased the ammonia injection mass up to 12.8%, while mini-
mally impacting discharge coefficients during late injection tim-
ings and high in-cylinder pressures. However, early injection
timings showed discharge coefficient decreases of up to 17.4% at
elevated fuel temperatures. The study confirmed that temperature
increases notably reduce the injection mass, primarily because
ammonia’s pronounced temperature sensitivity significantly
affects its density.

y (D)
(b)

Fig. 10. Temperature distributions along (a) the nozzle center axis and (b) three different radial lines. Case 1: /D = 10, R, = 8.3; Case 2: L/D = 5, R, = 9.0; Case 3: L/D = 2.5,

Ry, = 8.5; Case 4: L/D = 10, R, = 3.9. Reproduced from Ref. [117] with permission.
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Table 5
Summary of recent studies of liquid-ammonia spray using multi-hole injectors.
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Reference Injector Conditions Methods Key conclusions
Hole type Hole Injection Ambient condition
diameter condition
Pelé et al. [119] 7 holes 365 um 120 bar, 20 °C 2-25 bar, CVC; Schlieren  Ammonia spray is longer and narrower than
20-120 °C, 2.38- imaging gasoline/ethanol sprays. Ammonia is more
29.75 kg-m~3 sensitive to air density/temperature changes
Akram et al. [120] 6 holes 0.2 mm 150 bar, 25-300°C 10 and 30 bar, CVC; Schlieren  Superheating reduces spray penetration/
19-23 °C imaging area for all fuels, but ammonia shows the
strongest reduction (especially at 10 bar)
due to rapid vaporization
Scharl et al. [121] 6 holes 0.227 mm 2000 bar, 320- ~4-7 and ~50 bar, Optical engine; ~ Two spray-collapse mechanisms identified;
388 K ~450-650 and DBI 12.9% mass reduction with heating.
~1000 K Discharge coefficients drop by 17.4% for
early injections at high temperatures
(cavitation enhancement)
Zembi et al. [122] 7 holes 365 pm 120 bar, 20 °C 2-15 bar, CFD based on Highlights the challenge of developing truly
20 °C Lagrangian calibration-free models, especially for new
particle method fuels like ammonia whose properties differ
within the significantly from those of hydrocarbons
RANS
Hu et al. [123] Single hole/7  280/150 pm 300/120 bar, 293-  Pamb/Psar: 0.035- CFD based on Demonstrates high-precision prediction of
holes 350 K 1.24, 20 °C Lagrangian ammonia-spray characteristics across flash-
particle method boiling regimes using two dynamically
with Blob adjusted variables based on flashing ratio
injection
Rachakonda et al. [124] 8 holes 165 pm 20 MPa, 260- 50, 600 kPa, 333- CFD Ammonia’s high volatility and low Jakob
363 K 573 K, 0.5, (HRMFoam) number promote spray collapse, bell-shaped
3.5 kg-m— based on foam- jets, and shock structures. Pressure ratio is
extend v4.1 the primary parameter governing spray

behavior, followed by Jakob number

Zembi et al. [122,125] conducted numerical studies based on
Pelé’s multi-hole ammonia spray experiments [119]; they success-
fully compared numerical results with experimental data for liquid
and vapor tip penetration, local SMD, and overall spray morphol-
ogy, establishing a predictive simulation framework for ammonia
injections. Their study highlighted challenges in capturing local
spray details across different regimes—particularly flash-boiling
phenomena crucial for understanding ammonia’s unique proper-
ties. Standard breakup model constants for conventional fuels
proved inadequate for ammonia, requiring significant tuning and
specific calibration. The researchers investigated liquid-ammonia
spray behavior under varying ambient pressures, focusing on tran-
sitions between flash-boiling and non-flashing regimes, and specif-
ically calibrated Kelvin-Helmholtz and Rayleigh-Taylor (KH-RT)
model constants for both conditions. The results demonstrated
good agreement between the simulations and experiments for lig-
uid spray tip penetration and local SMD (Fig. 12) [122].

Based on previous experimental and simulation studies, Hu
et al. [123] conducted a numerical investigation of multi-plume
liquid-ammonia spray. They developed a novel variable discharge
coefficient Cy4 accounting for spray resistance from ammonia
vaporization within the nozzle, achieving prediction errors below
1.5% for spray penetration at a fuel temperature of 308 K across
all flashing ratios. A breakup model constant B; that strongly
influences spray penetration was designed as a variable constant
formula with an identical functional form to variable C4 (Eq. (3)),
improving predictions at higher fuel temperatures. Using the vari-
able C4—-B; model at a fuel temperature of 338 K, the spray penetra-
tion prediction error at an injection time of 1 ms remained below
5% for all ambient pressures and approached 0 during the flare
flash-boiling stage, as shown in Fig. 13 [123].

Co= (0.8 022 eFilo2) . 1 ®

ref

{ B; =8.34 142427 . e /024
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where F; is the flashing ratio and T, is the reference temperature of
338 K.

Rachakonda et al. [124] compared the internal flow and near-
nozzle behavior of iso-octane, methanol, and ammonia under
flash-boiling and subcooled conditions. Flash-boiling sprays
demonstrated greater steadiness than their subcooled counter-
parts and behaved as either under-expanded or over-expanded
jets, depending on the operating conditions and fuel thermophys-
ical properties. High R, values (saturation to ambient pressure
ratio) produced a “bell-shaped” morphology with significant spray
collapse, characterized by strong under-expanded jets that gener-
ated shock fronts truncated by Mach disks perpendicular to the
spray axes. The Mach disk appeared as an abrupt pressure rise, vis-
ible as darker regions in superheated ammonia spray pressure con-
tours (Fig. 14 [124]). Rapid vaporization and expansion accelerated
sprays beyond sonic velocities, creating low-pressure regions rela-
tive to ambient pressure. Shock cell boundaries formed through
barrel shocks or constant pressure streamlines, followed by inter-
cepting shocks as the flow turned inward. Triple point regions were
clearly visible where the Mach disks intersected intercepting
shocks, producing reflected shocks and slipstreams from both
sides, as shown in the log-scaled density gradients in Fig. 14.

2.3. Summary

This section provides a comprehensive review of research on
liquid-ammonia injection and spray characteristics, with a particu-
lar focus on flash-boiling phenomena and the behavior of ammonia
sprays from both multi-hole and single-hole injectors. Key param-
eters influencing flash boiling include the saturation-ambient pres-
sure ratio and degree of superheat.

Multi-hole injector studies show that ammonia sprays are
highly sensitive to air density and temperature, producing longer,
narrower sprays at low densities. Flash-boiling widens spray
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Fig. 11. Comparison of spray shapes for liquid and liquid + vapor under varying air densities and ambient temperatures (yellow section indicates flash boiling). P,;;: air
density; T, ambient temperature. Reproduced from Ref. [119] with permission.
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Fig. 12. Comparison of experiments and simulation regarding local SMD, under flashing (2 bar) vs non-flashing (15 bar) conditions. Reproduced from Ref. [122] with
permission.
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Fig. 13. Comparison of simulation and experimental results at t = 1 ms and T = 338 K: (a) spray penetration; (b) prediction errors. Reproduced from Ref. [123] with

permission.
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Fig. 14. Instantaneous shock structures observed in ammonia injection at 363 K, at 20 ps after the start of injection (ASOI), using the contours of pressure (linearly scaled)
and gradient of mixture density (log-scaled). Pressure range: 500-700 kPa; ambient pressure: 600 kPa. Reproduced from Ref. [124] with permission.

angles and causes collapse from vapor condensation, while higher
injector temperatures enhance vaporization and alter spray char-
acteristics. Ammonia’s temperature-sensitive density affects the
injection mass and discharge coefficients. Single-hole injectors
enable more precise spray analysis, revealing distinct flashing
regions based on pressure ratios and showing the influence of bub-
ble behavior on penetration during flash-boiling. Nozzle diameter,
ambient pressure, and fuel temperature critically determine spray
characteristics; smaller nozzles increase radial expansion, while
larger ones produce larger droplets. Numerical and experimental
studies developing predictive models reveal challenges in model-
ing ammonia sprays due to their unique thermodynamic proper-
ties, which require ammonia-specific breakup models. These
findings emphasize optimizing injection parameters and nozzle
design for efficient atomization and mixing in ammonia engines.
In addition, critical examination of the reviewed studies reveals
several conflicting findings that warrant further investigation. For
instance, while Pelé et al. [119] reported spray penetration lengths
44.7%-56.2% smaller than those of diesel, Payri et al. [126] found
comparable penetration rates in the fully developed zone. This dis-
crepancy likely stems from differences in experimental conditions
and measurement techniques, as Pelé used Schlieren imaging in a
constant-volume chamber, while Payri employed diffuse back-
ground illumination (DBI) in a constant-pressure flow vessel. In
addition, discrepancies in spray penetration under similar condi-
tions (e.g., 12% shorter penetration in Ref. [100] vs Ref. [102] at
Ry, = 5.0) arise from nozzle geometry variations (0.28 vs 0.32 mm
diameter), emphasizing the need to non-dimensionalize the spray
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parameters with respect to the nozzle geometry. The robustness of
numerical models also varies significantly; while the Lagrangian
particle method shows good agreement for non-flash-boiling con-
ditions, Zhang et al. [127] highlighted significant discrepancies
under intense flash boiling, indicating that current models require
substantial improvements for capturing thermal breakup effects.
While large-eddy simulation (LES) models [115] robustly capture
near-field flash boiling, Reynolds-averaged Navier-Stokes (RANS)
approaches [122] struggle with plume-collapse effects due to unre-
solved turbulence-chemistry interactions, limiting their use in
engine-scale simulations.

3. Liquid-ammonia injection into high pressure/temperature

This section examines liquid-ammonia injections in high-
pressure, high-temperature environments that closely replicate
engine operating conditions, building on the low-pressure spray
studies previously discussed. This progression is essential for three
reasons: Engine compression generates ambient pressures that
exceed ammonia’s saturation pressure, thereby suppressing flash
boiling; elevated temperatures create competing effects between
increased evaporation and reduced flash-boiling tendency; and
reactive conditions fundamentally alter spray development
through heat release and combustion-induced flow fields. Under-
standing these behaviors under engine-relevant conditions is crit-
ical for translating fundamental spray physics into practical
combustion system designs.
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3.1. Non-reactive ammonia injection and spray study

Research on non-reactive ammonia injection and spray is essen-
tial for optimizing injection strategies and ensuring efficient
atomization and distribution in combustion systems. Non-
reactive conditions allow researchers to isolate and analyze funda-
mental physical processes, including spray formation, droplet size
distribution, and penetration. The constant volume combustion
chamber (CVCC) provides controlled environments for studying
spray characteristics under precise pressure and temperature con-
ditions that simulate combustion device operations, while
enabling high-quality optical access for advanced diagnostics
[128]. Table 6 [126,127,129-132] lists recent non-reactive ammo-
nia injection and spray studies.

Wang et al. [129] and Li et al. [130] investigated high-pressure
ammonia spray combustion characteristics under diesel-like con-
ditions. Under non-reacting conditions, ammonia sprays exhibited
macroscopic characteristics similar to diesel sprays, with signifi-
cant evaporation at room temperature. Empirical diesel spray cor-
relations can be used to predict ammonia spray tip penetration by
incorporating Reynolds number and Ohnesorge number. Micro-
scopic imaging revealed that the ammonia sprays showed greater
susceptibility to needle-motion-induced turbulence or cavitation
during injection transients. Fig. 15 [130] shows that the ammonia
spray liquid length was 44.7%-56.2% smaller than that of diesel,
with differences increasing with ambient density. While liquid-
phase development in ammonia sprays initially lagged behind that
of diesel from the start of the injection, ammonia sprays showed
pronounced liquid penetration increases during the quasi-steady
state due to their large latent heat of evaporation.

Ma et al. [102] investigated the spray characteristics and jet
fluctuations of high-pressure DI liquid ammonia across ambient
temperatures of 291-600 K. Under high-temperature and high-
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influenced by the interplay between flash boiling and evaporation
effects. Increasing the ambient temperature produced three-stage
axial spray development: Initial stages dominated by flash boiling
caused rapid spray area increase, while later stages showed high-
temperature evaporation dominance, resulting in marked spray
area reduction. At 600 K, pronounced evaporation reduced the
spray, as intense heat transfer overcame liquid ammonia’s latent
heat of evaporation. Spray centroid oscillation deviations increased
with rising temperatures, indicating greater jet instability, with
maximum deviation growth rates reaching 59.16% in near-nozzle
regions.

Payri et al. [126] experimentally investigated DI liquid-
ammonia spray characteristics under non-reacting diesel-like con-
ditions. Fig. 16 [126] shows spray images captured using DBI and
Schlieren techniques for both fuels. Ammonia jets exhibited
cone-like shapes similar to those of diesel, with narrower spray
angles. Ammonia demonstrated slower initial penetration rates
compared with diesel but achieved comparable rates in fully devel-
oped zones. Ammonia liquid length was shorter than that of diesel,
influenced by ambient temperature, density, and nozzle diameter,
but not injection pressure. A one-dimensional (1D) spray model
originally developed for diesel fuels showed good agreement with
experimental results for quasi-steady liquid length and vapor pen-
etration when applied to ammonia.

Yang et al. [131] experimentally investigated high-pressure
liquid-ammonia spray characteristics under various ambient con-
ditions. Their results revealed significant differences in spray
development across flash-boiling, transitional flash-boiling, and
non-flash-boiling conditions. Under flash-boiling conditions, the
spray tip velocity initially increased then gradually decreased,
while non-flash-boiling conditions showed significant initial veloc-
ity decrease followed by forward penetration at a similar velocity.
Higher ambient temperatures increased vaporization, shortening

pressure conditions, liquid-ammonia sprays were significantly liquid spray penetration length. This research provides
Table 6
Recent literature on non-reactive ammonia injection and spray.
Reference Injector Conditions Methods Main findings
Hole Hole Injection Ambient condition
type diameter  condition
(mm)
Wang et al. [129]  Single 022 30-60 MPa, 298-  800-1000 K; 15— CVCC; Schlieren; DBI Successfully observed auto-ignition of high-pressure
hole 420 K 21 kg-m~3 ammonia spray under diesel-like conditions (900/
1000 K, 21% 0;). Ammonia flame luminosity is
drastically lower (semi-transparent orange) than
diesel
Li et al. [130] Single  0.15, 30-60 MPa, 313- 800-1000K; 14.7- CVCC; DBI LL of ammonia spray was 44.7%-56.2% smaller than
hole 0.18,and 373K 25.4 kg-m~> that of diesel under identical conditions, decreasing
0.28 further with higher ambient density
Payri et al. [126] Single  0.25, 0.3 400-800 bar, 700-900 K; 22.8, CPF rig, Schlieren; DBI  Observed slower initial penetration for ammonia due
hole 288 K 30.4 kg-m—3 to needle lift dynamics, but similar quasi-steady
behavior (mixing-controlled). Ammonia LL is shorter
(vs diesel), decreases with higher ambient T/p,
insensitive to injection pressure
Yang et al. [131] Single 0.2 40-80 MPa, 1-30 bar; 300- CVC; DBI Flare flash boiling causes strong initial radial
hole ~278 K 600 K expansion, distorted spray contour, large dilute
region, cavitation at spray edge. Transition flash
boiling has less radial expansion than flare
Wu et al. [132] Single 0.1,0.3 40-80 MPa, 303 K 5 MPa; 423-800 K CVC; DBI; A distinct vortex ring structure forms at the spray
hole Shadowgraphy front under high superheat flash-boiling. A “post-
supercooling residual region” is formed downstream
of ammonia spray due to its high latent heat,
preventing complete droplet evaporation, unlike
diesel
Zhang et al. [127]  Single  0.365/ 120/600 bar, 293/  293-393/900 K; CFD based on Euler- Under strong flash boiling, models underestimate
hole/7 0.22 350 K 2.38-8.32/7.45- Lagrange framework liquid penetration by 11%-35%. New flash-boiling
holes 18 kg:m~3 with Lagrangian models accounting for thermal breakup are needed

particle tracking for accurate predictions

CPF: constant-pressure flow; LL: liquid length.
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Fig. 15. Comparison of dynamic evolution of macroscopic morphology parameters according to fuel type. Pipj = 60 MPa, Tf = 353 K, Pmp = 6.0 MPa, Tymp = 900 K,

Pamb = 21.9 kg-m~3). Reproduced from Ref. [130] with permission.
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Fig. 16. Time sequence of spray images by DBI and Schlieren. The sequence from top to bottom consists of the transient region (first to fourth) and the stabilized liquid length
region (1500 ps ASOI). Conditions: p, = 22.8 kg:-m~3, T,= 900 K, Dy = 300 pm, P;= 800 bar. Reproduced from Ref. [126] with permission.

comprehensive reference data for numerical simulations and valu-
able theoretical and practical guidance for ammonia spray com-
bustion studies and ammonia-fueled engine development.

Wou et al. [132] investigated the spray and evaporation charac-
teristics of high-pressure liquid-ammonia injection compared with
those of diesel. Liquid penetration initially increased then
decreased with rising ambient temperature, with large-nozzle
sprays showing higher inflection-point temperatures. Small-
nozzle sprays exhibited greater ambient condition sensitivity at
high temperatures, reducing spray stability. Ammonia demon-
strated higher axial diffusion rates but lower radial diffusion rates
than diesel. At 800 K, distinct spray-structure differences emerged:

Capturing and recirculation regions from pilot-evaporated ammo-
nia prevented complete droplet evaporation, unlike diesel. Ammo-
nia vapor cone angles were 4°-6° smaller than those of diesel
under evaporating conditions, with liquid cone angle differences
decreasing at higher ambient temperatures. Ammonia spray vol-
ume exceeded diesel spray volume due to ammonia’s high latent
heat of vaporization.

Zhang et al. [127] presented a computational fluid dynamics
(CFD) study on the fuel/air mixing properties of liquid ammonia
under DI engine conditions. Current Lagrange-based spray models
effectively replicated liquid-ammonia spray characteristics under
non-flash-boiling conditions but showed significant discrepancies
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with experimental measurements under intense flash-boiling con-
ditions. This finding highlights the need for more precise flash-
boiling models incorporating thermal breakup effects to accurately
predict ammonia fuel/air-mixing properties across the full spec-
trum of engine-relevant conditions.

Research on liquid-ammonia injections have employed estab-
lished spray methods using a constant volume chamber (CVC) with
optical techniques such as diffused back-illumination imaging to
observe fundamental spray behavior under elevated pressure and
temperature conditions. Studies have consistently examined how
ambient temperature, pressure, and injection pressure affect
ammonia spray characteristics, finding distinct differences from
diesel sprays in penetration rates and evaporation characteristics.
Ambient temperature has emerged as a significant influence on
spray behavior and penetration length across all studies. These
findings hold practical significance for ammonia-fueled engine
development and sustainable transportation applications.

3.2. Ammonia spray combustion without reactive fuel

Igniting and sustaining liquid-ammonia spray combustion is
challenging due to ammonia’s high auto-ignition temperature, nar-
row flammability range, high latent heat of vaporization, and low
laminar flame speed. Achieving single ammonia spray combustion
without reactive fuel additives requires appropriate atomization
through high-pressure injections and optimal nozzle design to con-
trol droplet size distribution, as smaller droplets facilitate faster
evaporation and mixing. Maintaining ammonia concentration
within its flammability range (15%-28% by volume in air) with suf-
ficient oxygen is essential. Fuel and ambient air preheating com-
pensate for cooling effects from ammonia’s high vaporization
latent heat. High-temperature and -pressure ambient conditions
enhance combustion processes. Continued research into combus-
tion dynamics, flame stability, and heat-release mechanisms
remain vital for improving liquid-ammonia fuel combustion sys-
tem performance and reliability.

An experimental investigation by Wang et al. [129] demon-
strated successful high-pressure liquid-ammonia spray auto-
ignition under diesel-like conditions, with 21% oxygen concentra-
tion and comparable temperature/pressure levels, marking the first
observation of this phenomenon. Fig. 17 [129] shows the temporal
morphology of the ammonia spray flames at various ambient and
fuel temperatures. Ammonia combustion intensity was signifi-
cantly lower than that of diesel and more sensitive to ambient
temperature than initial fuel temperature. The lift-off length at
1000 K remarkably exceeded that at 900 K, while the apparent
heat-release rate (AHRR) increased by 40% at 1000 K because of
increased after-burning and earlier ignition. Ammonia’s spray
flame lift-off length exceeded diesel’s, indicating slower combus-
tion. The AHRR exhibited a sharp initial spike followed by slow
heat release, suggesting a transition from premixed to mixing-
controlled combustion. The cumulative heat from ammonia diffu-
sive combustion was less than one-fourth of that from diesel spray
combustion.

Wau et al. [133] experimentally investigated the ignition and
flame-development characteristics of high-pressure liquid-
ammonia spray combustion using simultaneous high-speed imag-
ing of OH* and NH,* chemiluminescence with flame luminosity
(FL) under controlled conditions (3 MPa ambient pressure, 950 K
temperature, 40 MPa injection pressure). The combustion process
comprised four stages—ignition with auto-ignition kernels, flame
propagation, fully developed combustion, and post-combustion—
with key radical distributions characterized throughout. Fig. 18
[133] shows the temporal evolution of OH*, NH,* and FL images.
During fully developed combustion, all signals covered the spray
core region, with NH,* showing a smaller distribution and lower
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intensity than OH* except at the core region and flame front. OH*
intensity peaked centrally, diminishing toward the flame sides.
Post-combustion showed a significant FL decrease, OH* contour
alignment with the flame front, and rapid NH,* reduction, disap-
pearing before OH*. Combustion lasted approximately 5.6 ms. The
study identified unique small-scale auto-ignition phenomena after
main combustion, providing insights into chemical kinetics—
including OH and NH; radical formation—and contributing valuable
knowledge for developing numerical models and increasing
ammonia fuel efficiency.

In addition to ammonia spray combustion, Matsuura et al. [134]
investigated individual ammonia-droplet combustion using hot-
wire ignition and back-illumination high-speed imaging under
high-pressure microgravity conditions. Their study revealed
unique combustion behaviors, including droplet disruption, puff-
ing, and re-expansion (Fig. 19 [134]). Initially, droplets vaporized
at consistent rates that decreased over time, reducing the flame
standoff ratio. These phenomena resulted from water vapor accu-
mulation on droplet surfaces, which suppressed ammonia vapor-
ization and caused superheating, leading to bubble nucleation
and growth. This pioneering research on ammonia-droplet com-
bustion provides insights into designing ammonia spray combus-
tors and developing carbon-neutral fuel technologies for gas
turbines and marine diesel engines.

3.3. Ammonia spray combustion with pilot-ignited reactive fuel

Liquid ammonia exhibits modest reactivity and limited com-
bustion characteristics under standard conditions due to high
activation-energy barriers and slow reaction kinetics, making
stable flame maintenance challenging. Its substantial latent heat
requires considerable vaporization energy before combustion initi-
ation, collectively limiting standalone fuel utilization. To overcome
these limitations, dual-fuel strategies employ higher-reactivity
fuels such as hydrogen or hydrocarbons as combustion promoters.
These active fuels react first, providing the initial energy and chem-
ical pathways to overcome ammonia’s combustion challenges by
generating heat and free radicals that break down ammonia mole-
cules, sustaining the chain reactions necessary for continuous
stable combustion. Table 7 [69,70,135-144] presents a summary
of recent studies on liquid-ammonia spray combustion using
pilot-ignited reactive fuels.

Although gasoline [145] and DME [146,147] have been explored
as dual-fuel combustion partners to enhance liquid-ammonia com-
bustion characteristics, recent research predominantly focuses on
diesel-piloted ignition strategies. When diesel serves as a pilot fuel,
it overcomes ammonia’s poor combustion properties through mul-
tiple mechanisms: providing reliable ignition due to a lower igni-
tion temperature than ammonia [148,149], creating local high-
temperature zones facilitating ammonia decomposition, and gen-
erating hydrocarbon radicals promoting ammonia oxidation reac-
tions. Diesel’s higher energy density and established fuel-delivery
systems make it practical for dual-fuel applications. Combining
diesel’s reliable ignition properties with ammonia’s carbon-free
fuel potential makes this pairing particularly suitable for
internal-combustion engine applications [150].

Scharl and Sattelmayer [70] investigated diesel-piloted ammo-
nia ignition and combustion characteristics by systematically vary-
ing temporal and spatial spray interactions, diesel pilot amounts,
and injection durations. Using independent single-hole injectors,
they achieved variable spray interaction angles from —22.5° (con-
verging) to 15° (diverging) parallel to the cylinder head. Their
experiments demonstrated reliable ammonia ignition using pilot-
ignited diesel with a lower heating value (LHV) fraction as small
as 3.2%. Strong diesel-ammonia spray interaction proved crucial
for effective ignition, with injection sequence adjustments
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Fig. 17. Temporal morphology development of ammonia spray flames at different ambient and initial fuel temperatures. (a) T, = 900 K, T = 350 K; (b) T, = 1000 K,
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Fig. 18. Temporal evolution of OH*, NH,*, and FL images during (a) the fully developed combustion process and (b) the post-combustion process. Reproduced from Ref. [133]

with permission.

mitigating misfiring. Low-load conditions showed less effective
combustion, indicating ammonia’s potential limitations in certain
engine operations, despite its carbon-free benefits. This research
contributes valuable insights for understanding ammonia’s feasi-
bility as a sustainable fuel alternative, addressing NO, emissions
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and combustion efficiency challenges while informing future
engine design and fuel strategies for GHG reduction.

Based on the same rapid compression expansion machine
(RCEM) system, Scharl et al. [69] explored ammonia spray combus-
tion characteristics and mixture formation under high-pressure DI
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conditions. Fig. 20 [69] shows simultaneous shadowgraph and OH*
chemiluminescence images of diesel-piloted ammonia combus-
tion. Diesel-piloted ammonia spray behavior was analyzed via
heat-release rate (HRR) analysis and a validated 1D spray model.
The results revealed that diesel-ignited ammonia spray flames
failed to stabilize, causing a continuously increasing lift-off length
throughout injection, which was evident from parametrized HRR,
OH*-intensity, and lift-off length data. This resulted from ammo-
nia’s high mixing requirements for auto-ignition, influenced by
its physical properties and diesel combustion product interactions.
Ammonia sprays quickly became lean, with mean equivalence
ratios well below stoichiometry, further complicating flame stabi-
lization. These findings highlight ammonia fuel challenges in
internal-combustion engines, suggesting that diesel post-
injections and fuel pre-heating strategies may reduce pollutant
formation.

Scharl and Sattelmayer [135] reported recent findings on diesel-
piloted ammonia spray combustion flame emissions under
internal-combustion engine conditions. The combustion process
showed distinct phases, with ammonia combustion contributing
to most heat release. Fig. 21 [135] displays background-corrected
OH* and NH* intensities. OH*, NH*, and NH,* emissions signifi-
cantly influenced FL, with NH,*-chemiluminescence (CL) primarily
contributing to visible emissions during ammonia combustion. The
OH*-radiation intensity from the ammonia spray was significantly
lower than that from the diesel pilot combustion, despite diesel
comprising only 5% of the supplied LHV. For low-soot-formation
cases, the authors recommend focusing on wavelengths capturing
NH,*-CL, which provide strong signals originating mainly from the
flame front during ammonia combustion.

Zhang et al. [136] investigated ammonia and diesel combustion
characteristics in dual DI mode, focusing on flame propagation and
distribution. Fig. 22 [136] shows combustion processes at 0 and
—0.5ms intervals. Simultaneous diesel and ammonia injections sig-
nificantly increased combustion efficiency while minimizing
unburned ammonia emissions. At an ambient temperature of
850 K, substantial diesel injection pressure created prominent
flame kernels but delayed the concentrated flames from ammonia
combustion on one side of the injection axis, impeding opposite-
side combustion participation and causing low HRR and elevated
unburned emissions. Increasing the ambient temperature to
900 K notably improved these issues. Larger spray cone angles
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and higher injection rates produced wider ammonia spray distri-
bution, preventing flame backpropagation to spray junctions and
improving combustion stability.

Wu et al. [137] investigated ammonia-polyoxymethylene
dimethyl ether (PODE) combustion characteristics in dual-fuel DI
systems, focusing on spray interaction, ignition, and flame devel-
opment. Fig. 23 [137] shows radial integral OH* intensity below
the theoretical interaction point versus axial distance and time,
revealing gradual downstream shifts in the reaction center. The
simultaneous injection (APDI-S) strategy exhibited larger axial
spatial spans than PODE-pilot injection (APDI-P). During spray
interaction, insufficient air mixing in collision sprays created
high-equivalence-ratio regions in collision cores, delaying reac-
tions. OH* signals weakened at 1.4-1.7 ms after the PODE injection
started (ASOPI) for APDI-S and 1.9-2.1 ms for APDI-P. APDI-S
showed longer OH* duration, with persistent bands below the
interaction points post-combustion. Radial intensity distributions
revealed three peaks with larger spatial spans in APDI-P, where
the reactions occurred more on the liquid-ammonia sides. APDI-S
demonstrated extended reaction durations with dispersed centers,
while APDI-P showed concentrated reaction areas with earlier core
region initiation. The injection timing significantly affected flame
development: Simultaneous injection promoted aligned flames,
while pilot injection resulted in vertical growth. Longer overlap-
ping injection durations increased combustion efficiency.

Pathak et al. [138] investigated the temperature dependence of
flame behavior in high-pressure dual-fuel diesel-piloted liquid-
ammonia spray combustion, validating against optical and heat-
release-rate data from RCEM experiments [69,70]. Ammonia’s
lower stoichiometric air requirement created lean combustion
downstream of flame lift-off, reducing combustion product tem-
peratures. Hot combustion-product entrainment into a cool
ammonia spray proved insufficient for early autoignition. Diesel
combustion products addressed this by serving as heat reservoirs
near the ammonia spray, facilitating liquid-ammonia evaporation
and vapor autoignition but necessitating sophisticated diesel injec-
tions and combustion strategies. Across all temperatures, ammonia
combustion initiated through H-abstraction via OH radicals from
diesel combustion. After OH radical consumption, the chemical
contribution of diesel became negligible, particularly at elevated
temperatures. Rising ambient temperatures increased the signifi-
cance of direct ammonia oxidation through oxygen reactions.
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Table 7

Summary of recent studies on liquid-ammonia spray combustion with pilot-ignited reactive fuel.

Reference Conditions Methods Main findings
Injector  Pilot fuel Ammonia Ambient
injection condition
condition
Scharl and Sattelmayer [70]  Single Diesel 480-530 bar ~ 75-125 bar; RCEM HPDF combustion of ammonia is feasible for real engines but is sensitive to spray interaction,
780-920 K charge conditions, and pilot characteristics. Strong spatial (converging sprays) and temporal
(diesel injected first) interaction is crucial for reliable ammonia ignition and burnout
Scharl et al. [69] Single Diesel 265-530 bar, 125 bar; RCEM; Shadowgraphy; Mie- Pilot-diesel-ignited ammonia spray flames do not stabilize at a fixed lift-off length under
293 K 920 K; Scattering; OH* CL engine-like conditions. High unburned ammonia emissions in the wake of the spray. Formation
445 kg-m™3 of pollutants (NO,, N»0) in lifted, lean reaction zones or unburned regions
Scharl and Sattelmayer Single Diesel 503 bar, 98, 125 bar; RCEM; FL; Shadowgraphy; OH* Combustion includes three identified phases: pilot ignition, flame transition, and ammonia
[135] 293 K 865, 920 K CL combustion. Background-corrected OH*, NH*, and NH,* intensities reveal the evolution of
individual contributions to the flame emissions. NH,*-CL is the main contributor to visible
ammonia flame
Zhang et al. [136] Single Diesel 85 MPa 4.0-4.5 MPa;  CVCC; Shadowgraphy Optimal injection strategy is simultaneous diesel/ammonia injection with ammonia fully
800-900 K; injected before flame extinction. Flame must backpropagate to the diesel/ammonia spray
17.3 kg-m™ junction for complete ammonia combustion
Wu et al. [137] Single PODE 40 MPa 5 MPa; 850 K CVCC; OH* CL; FL; NH,* CL Upon ammonia ignition, OH* forms first, followed by NH,*. OH* has wider distribution and
longer duration; NH,* dissipates earlier and is concentrated near the spray head. Longer
overlapping injection duration increases combustion efficiency
Pathak et al. [138] Single Diesel 530 bar, 125 bar; 920- CFD based on Lagrangian- Ammonia flame fails to stabilize below 1100 K; drifts downstream. At 1300 K, flame stabilizes
293 K 1300 K Eulerian approach with KH-RT near the injector (lift-off length ~30 mm). NO, emissions rise with temperature, while N,O
breakup model decreases
Zhang et al. [139] Single n-heptane 46 MPa, 293 K 10-15 MPa; CFD with LES and LPT Proposed a new flame index combining species gradients and heat-release rate, providing better
820-1000 K identification of combustion regimes in ammonia-diesel spray combustion
Yu et al. [140] Single n-heptane 150 MPa, 4.2 MPa; CFD based on LES (in Ammonia delays n-heptane ignition nonlinearly due to competition for OH radicals. Chemical
373K 1000 K OpenFOAM) pathways: > 80% of NO, and N,O generated via NO-involved reactions
Tian et al. [141] Single Diesel 65-85 MPa, ~28 bar; CVCC; RCEM; DBI Injecting ammonia into the established diesel flame promotes more complete combustion of
373 K ~855 K ammonia. Increasing ammonia injection pressure increases air entrainment and fuel-air mixing,
leading to a more effective increase in peak HRR
Chen et al. [142] Single Diesel 60, 80 MPa, 4 MPa; CVCC; Schlieren Increasing injection intervals decrease ignition delay and combustion duration but increase
373 K ~800 K flame lift-off length. DI enables high ammonia substitution ratios (up to 97%) with lower soot/
CO, emissions
Zhang et al. [143] Single Diesel 70 MPa 5.2-54 MPa;  CVC; DBI; FL Stable ammonia diffusion combustion requires the entrainment of both the diesel flame and
750-800 K; surrounding ambient gas into the effective ignition zone by the ammonia spray. Ammonia
~23.4 kg-m™> diffusion combustion is characterized by high thermal/combustion efficiencies, low NO,, high
burning rate, and high ammonia energy replacement
Sharma et al. [144] Single Dodecane 150 MPa 60 bar; CFD based on LES Ignition delay is caused by NH; competing for OH radicals via NH; + OH = NH; + H,0,
1000 K suppressing dodecane’s LTC chain-branching pathways-NH; combustion is initiated by

dodecane’s LTC activation. The flame evolves from LTC regions through high-temperature
combustion and stabilizes near the stoichiometric mixture fraction, where NHjs is fully
consumed

CL: chemiluminescence; HPDF: high-pressure dual-fuel injection; LIBS: laser-induced breakdown spectroscopy; LTC: low-temperature chemistry; PODE: polyoxymethylene dimethyl ether; RCEM: rapid compression expansion
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Fig. 20. (a) Series of simultaneously acquired and superimposed shadowgraph (SG) and chemiluminescence (CL) images of diesel-piloted ammonia combustion. (b) Averaged
HRR, normalized mean OH*-intensity and lift-off length (top), individual HRR, normalized mean OH*-intensity and lift-off length for 125-mg injections (middle), and
parametrized injection mass fluxes of diesel and ammonia (bottom) for ammonia mass and injection pressures of 125 mg/265 bar, 190 mg/460 bar, and 220 mg/560 bar.

Reproduced from Ref. [69] with permission.

Zhang et al. [139] investigated ammonia-diesel high-pressure-
injection dual-fuel combustion ignition characteristics under vary-
ing ambient conditions. The pilot ignition delay for diesel showed
sensitivity to ambient conditions, with lower temperatures and
pressures increasing delays, while the main ammonia ignition
delay was primarily influenced by spray interactions and was less
ambient-sensitive. The flame progression transitioned from diesel
to two-layer to ammonia flame, following the ammonia injection
direction (Fig. 24 [139]). This research introduced a new flame
index definition for ammonia spray combustion, enhancing current
understanding of the combustion regime. Increasing the ambient
pressure showed no significant ignition improvement and had a
potentially negative impact on reliability. The EGR strategy primar-
ily affected ignition through ambient oxygen concentration. High
ammonia energy fractions posed misfire risks due to increased
mixing requirements and reduced flame temperature and HRR.

Yuetal.[140] used a validated LES model in OpenFOAM to exam-
ine ignition and pollutant formation in ammonia/n-heptane dual-
fuel spray combustion under various ammonia concentrations
¢nn,- Fig. 25 [140] displays the spatial and temporal pollutant distri-
bution under different ¢y, conditions. For ¢y, =0.25,0.5,and 0.75,
NO, was concentrated mainly at the spray base below 1150 K where
first-stage ignition occurred, with NO, regions widening as ¢y,
increased. NO, distribution remained relatively stable temporally
within the cases, being transported downstream with the n-
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heptane spray flow and converted to N,O and NO via the reactions
NO, + NH; = N,O + H,0 and NO, + H=NO + OH. N,O appeared down-
stream of NO, in the dual-fuel cases, followed by NO at the spray
tips. NO, production occurred in the inner spray regions between
1150-1500 K (marked by red and black lines), increasing temporally
in dual-fuel cases but remaining negligible at ¢y, = 0.

The above diesel-piloted ammonia spray combustion research
primarily examines configurations where single-hole diesel and
liquid-ammonia injectors are positioned proximally on the same
side. This arrangement facilitates rapid spray-plume convergence
at small angles (< 15°), ensuring effective diesel-ammonia spray
intersection and interaction.

Tian et al. [141] conducted visualization studies on ammonia/
diesel dual DI combustion characteristics with increased spray
interaction angles of 60° (Fig. 26). Higher ammonia injection pres-
sure increased air entrainment and fuel-air mixing. Optimal com-
bustion required an ammonia injection close to the flame. Fuel-
injection rates critically determined HRR in the high-pressure
dual-fuel mode. Increasing the ammonia nozzle diameter and
injection pressure significantly boosted ammonia injection rates
and peak HRR through increased air entrainment and mixing.
Pre-diesel ammonia injections produced mixed effects, forming
combustible mixtures that increased peak HRR, while causing
incomplete combustion due to rapid ammonia evaporation. Higher
diesel injection pressure minimally impacted ammonia
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Fig. 21. Temporal evolution of normalized background-corrected CL intensities. (a) HRRs and mass fluxes to facilitate the allocation of flame emissions to the combustion
phases; (b) OH* and NH¥, as well as broadband luminosity for the less-reactive operating point (OP3); (c) OH* and NH* for OP3 and the highly reactive operating point (OP4).
Reproduced from Ref. [135] with permission.
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Fig. 22. Images of combustion processes at injection intervals of 0 and —0.5 ms, at (a) 850 K, 4.25 MPa and (b) 900 K, 4.5 MPa. Reproduced from Ref. [136] with permission.
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intensity distribution of OH* at a specific distance as a function of time. Reproduced from Ref. [137] with permission.

combustion and was inhibited by the presence of ammonia. In the
high-pressure dual-fuel mode, converged diesel and ammonia
sprays followed the ammonia spray direction, although higher die-
sel pressure could cause directional deviation.

Chen et al. [142] experimentally investigated cross-spray and
combustion behaviors in diesel-ammonia dual-fuel DI systems
with diesel injectors positioned atop the CVCC and liquid-
ammonia injectors on the side, creating 90° spray intersection
angles. High-speed Schlieren imaging revealed that ammonia
exhibited lower axial penetration, higher evaporation rates, and
smaller diffusion rates than diesel, which were attributed to
ammonia’s lower density, viscosity, and boiling point. Diesel-
ammonia spray collision increased the overall spray diffusion and
fuel-air mixing. Vertical sprays showed larger liquid-phase pene-
tration, with adjustments to the injection intervals improving
atomization. Increasing the diesel-ammonia injection intervals ini-
tially delayed ignition but subsequently reduced combustion dura-
tion and soot emissions, suggesting that appropriate interval
adjustments optimize combustion efficiency and reduce emissions.

Zhang et al. [143] positioned diesel and ammonia injectors on
opposing CVC sides, creating collision patterns between sprays.
Various nozzle-hole tilt angles produced diverse spray intersec-
tions. Fig. 27 [143] shows a spray interaction where ignition occurs
at the upper and lower plume-collision points. High-pressure
ammonia injection created gas entrainment and pushed-out zones,
with effective ignition occurring 16-35 mm from the nozzle in
entrainment zones. Diesel flames surrounding liquid ammonia
were extinguished by ammonia gasification, while pushed-out

zone flames failed to ignite the ammonia. Reliable ammonia igni-
tion and diffusion combustion, achieving 74.4% energy replace-
ment, were obtained by entraining the diesel flame and
surrounding air into ignition zones. Increased ammonia injection
or prolonged diesel-flame suspension was necessary for stable
combustion. Premixed diesel flames igniting the ammonia spray
increased the combustion efficiency and flame consistency com-
pared with diffused diesel flames due to the leaner, more homoge-
neous air-fuel mixtures.

Xu et al. [64] combined optical experiments and LES to examine
diesel-ammonia flame interaction and pollutant formation mech-
anisms (NO and N,O) under two scenarios. Fig. 28 [64] shows
the local equivalence ratio (&), ammonia/diesel mixture fraction
(2), heat-release rate (Qdot), and mass fractions of CO, NH3, NO,
and N,O in spray cross-sections at different times. The ammo-
nia-air mixtures displayed distinct pre-combustion characteristics
between injection cases. Early interaction scenarios showed fuel-
rich ammonia-air mixtures igniting directly from diesel flames,
enabling self-sustained flame propagation and significant heat
release that maintained high-temperature regions for continuous
combustion. Late interaction scenarios resulted in rapid ammonia
evaporation, which created fuel-lean ammonia/air mixtures that
failed to ignite from diesel flames, causing flame extinction. NO,
and N,O emissions proved highly sensitive to diesel-ammonia
flame interaction. N,O formed predominantly at ammonia flame-
quenching fronts, presenting significant challenges due to ammo-
nia’s fast evaporation and slow oxidation rates in fuel-lean
mixtures.
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Fig. 24. Temporal evolution of instantaneous temperature under diesel-engine
conditions (white line represents sampling position). Reproduced from Ref. [139]
with permission.

In addition, Sharma et al. [144] examined the incorporation of
ammonia as a low-reactivity fuel in diesel-assisted dual-fuel com-
bustion under reactivity-controlled compression ignition (RCCI)
conditions using LES. Through flamelet analysis, they investigated
the flame-structure evolution and combustion modes of dodecane/
ammonia mixtures. Their results showed that ammonia combustion
initiated through dodecane low-temperature combustion activa-
tion, transitioning to high-temperature combustion, with ammonia
consumption occurring as flames evolved toward stoichiometric
conditions. Under fuel-lean conditions, ammonia exhibited no
autoignition behavior.

3.4. Ammonia spray combustion with other emerging methods

Aside from pilot-diesel ignition, researchers have explored the
use of turbulent jet injection (TJI) to enhance liquid-ammonia
spray combustion. Zhong et al. [151] investigated transient ammo-
nia spray flames using pre-chamber T]I, as illustrated in Fig. 29.
Hydrogen injected into the pre-chamber generated high-speed
jet flames. TJI-induced ammonia spray flames progressed through
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three phases: pre-chamber combustion, partially premixed com-
bustion, and mixing-controlled combustion. Pre-chamber mixture
enrichment greatly enhanced TJI ignition capability, causing earlier
ignition- and combustion-mode transitions. Larger nozzle diame-
ters with lower turbulent jet velocities improved the ignition abil-
ity and extended the critical oxygen concentration for stable
ignition, which was attributed to the increased jet-ammonia spray
interaction and mixing behavior enabling full ignition-energy uti-
lization. Reduced turbulence intensity decreased heat dissipation,
supporting ignition processes.

Researchers have explored improved liquid-ammonia injection
methods. Ichikawa et al. [152] proposed a three-layer stratified
fuel-injection approach for compression-ignition engines, involv-
ing sequential injections of a high-reactivity supporting fuel
(nCyeH34), liquid ammonia, and a second supporting fuel through
a single nozzle (Fig. 30). CVCC verification confirmed that the sys-
tem effectively produced two- or three-layer sprays, evidenced by
injection energy rate measurements. First-layer nC;gHs4 ignited
ammonia sprays, although the ammonia ignition delays slightly
exceeded those of 100% nC;gHz4 sprays. Third-layer nCygHs4 facil-
itated second-layer ammonia combustion, creating high HRR peaks
at the combustion end and significantly shortening the late com-
bustion periods. Third-layer nCy;gHs4 combustion drastically
reduced N,O emissions by eliminating low-temperature regions
in the liquid-ammonia spray diffusion flames where N,O typically
forms through active combustion.

Following previous work, researchers experimentally studied
ammonia stratified spray combustion using high-speed direct
imaging [153]. Fig. 31 [153] shows high-speed images of ammonia
stratified and 100% nCygHs4 spray flames. Ammonia’s spray flame
penetration lengths and cone angles matched those of 100%
nCygHs4, but the ammonia stratified spray flame lift-off positions
moved downward, differing from those of 100% nC;sHs4 spray. This
resulted from the second ammonia layer’s low reaction rate, large
latent heat, and specific heat compared with those of nC;sHz4. The
initially formed burnt gas lump significantly influenced the flame
lift-off position in the ammonia-dominated jet-stream second
layer. The researchers concluded that developing initial burnt gas
lump formation methods and third-layer combustion control is
crucial for ammonia stratified spray flames.

Bakir et al. [154] computationally investigated the autoignition
enhancement of liquid-ammonia spray with dissolved hydrogen to
simplify engine hardware and infrastructure for ammonia-
hydrogen dual-fuel combustion. Trace dissolved hydrogen success-
fully facilitated ammonia ignition within reasonable residence
times, with complete flame development being achievable through
extended injection duration. Ignition timing was controlled by
spray evaporation and mixing rather than H, concentration. Chem-
ical kinetic pathway analysis revealed that the OH radicals from H,
oxidation dominantly and necessarily oxidized the NH3, generating
highly reactive intermediates and promoting the desired ignition.
The emissions contained high NO, and N,O concentrations before
and after ignition, particularly NO. This dissolved hydrogen-liquid
ammonia blend offers cost and convenience advantages for
improving liquid-ammonia spray combustion.

Cheng et al. [84] recently proposed a twin-fuel co-injection
strategy using hydrogen as a combustion enhancer (Fig. 32). Their
system blends high-pressure liquid NH3 (> 300 bar) with gaseous
H, (> 100 bar) before injection, enabling precise liquid-to-gas ratio
control and creating homogeneous high-/low-reactivity fuel mix-
tures with controlled stratification. The advantages include flexible
NHs/H, ratio control based on injection pressure and duration,
enhanced liquid NH; atomization and fuel-air mixture quality
through premixed injection, and improved combustion stability
due to homogeneous NH3;-H; mixtures reducing the flame instabil-
ity. The system can incorporate pre-chambers as volumetric
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Fig. 26. Images of combustion processes with different ammonia injection pres-
sures (65-85 MPa). Reproduced from Ref. [141] with permission.

ignition sources for NH3-H, blends, further enhancing ignition and
combustion stability.

Although the twin-fuel co-injection strategy offers significant
advantages—such as superior combustion control with faster burn
rates and lower cycle-to-cycle variations—and despite aligning
with decarbonization goals by eliminating carbon-based pilot fuel,
it presents several practical challenges. These include the complex-
ity of storing liquid NH3 and gaseous H; in dual tank systems with
different safety requirements, which may increase system volume
and weight by 40%-60% compared with conventional diesel sys-
tems. Precise control of the NH3/H, ratio under transient engine
conditions is difficult, with potential variations exceeding +15%,
which could lead to combustion instability or excessive NO, forma-
tion. Additionally, the initial cost of the dual-fuel system is esti-
mated to be 2.5-3.0 times higher than that of diesel systems due
to the high-pressure hydrogen components and sophisticated con-
trol systems, with the hydrogen infrastructure requirement further
limiting its near-term adoption.
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3.5. Summary

This section reviews liquid-ammonia injections and spray char-
acteristics under high-pressure, high-temperature conditions, cov-
ering both non-reactive and reactive scenarios. CVC studies show
that ammonia spray behavior is highly sensitive to ambient condi-
tions, with penetration and evaporation rates differing significantly
from those of diesel, necessitating optimized injection strategies
and nozzle designs. Ammonia’s high auto-ignition temperature
and low reactivity require pilot ignition strategies, typically using
diesel. While diesel-piloted combustion achieves stable ignition,
flame stabilization remains challenging due to ammonia’s slow
kinetics and high vaporization heat. Optical techniques and models
have been used to analyze flame development, heat release, and
pollutant formation (particularly NO, and N,0). Innovative
approaches include TJI, stratified injections, and blending ammonia
with hydrogen or reactive fuels to increase combustion efficiency
and stability while reducing emissions. These findings provide cru-
cial insights for developing ammonia-fueled engines and sustain-
able transportation systems.

Comparing the maturity levels of various combustion-
enhancement technologies, TJI appears most promising for imme-
diate implementation due to its ability to extend the critical oxy-
gen concentration for stable ignition. In addition, TJI ignition
[151] achieves 40% faster flame propagation than stratified injec-
tion [152]; however, its scalability to multi-cylinder engines
remains unproven. Stratified injection systems, while theoretically
superior in reducing N,O emissions by 60% [152] through opti-
mized temperature gradients, present practical challenges in pre-
cise fuel layer control and near-term adoption. The hydrogen co-
injection approach offers excellent ignition enhancement but
introduces significant infrastructure complexity. Based on the
reviewed literature, pilot-ignited diesel injection remains the most
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Fig. 27. Images of spray and combustion for a spray-plume arrangement with two ignition locations. Reproduced from Ref. [143] with permission.

mature technology, although it contradicts the carbon-neutral
objective unless renewable diesel alternatives are employed.

4. Application of liquid-ammonia injection in engines

Research on liquid-ammonia applications in real engines began
around 2022, prior to which ammonia was predominantly used in
a gaseous state as engine fuel. Since 2022, researchers have
explored liquid-ammonia injection feasibility and effectiveness in
engine combustion. Due to ammonia’s low reactivity, single-fuel-
mode combustion remains unfeasible, making dual-fuel mode
the currently recognized effective approach for ammonia engine
combustion. A summary of ammonia dual-fuel engine performance
and emissions from other relevant references [165-172] is pro-
vided in Table S1 in the Appendix.

4.1. Research progress

Zhou et al. [155] conducted a comparative analysis of the low-
pressure injection dual-fuel (LPDF) mode and high-pressure injec-
tion dual-fuel (HPDF) mode, as illustrated in Fig. 33. In LPDF mode,
low-pressure ammonia injection into intake ports or cylinders cre-
ates premixed combustible mixtures with air. High-reactivity die-
sel initiates combustion, with premixed turbulent flame-
propagation speed controlling the process, particularly at small
diesel fractions. Conversely, HPDF mode involves injecting both
diesel and liquid ammonia near the top dead center, where fuel-
air mixing rates dominate in-cylinder heat-release processes, sim-
ilar to conventional diesel engines.

In addition, the researchers developed numerical models for
pilot diesel-ignited ammonia dual-fuel engines in premixed and
high-pressure spray combustion modes, based on commercial
low-speed marine diesel engines and validated against experi-
mental data on spray mixture formation, ignition delay, in-
cylinder pressure, and pollutant emissions. Fig. 34 [135] com-
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pares the indicated thermal efficiency (ITE) and emissions across
diesel-only, LPDF, and HPDF modes. Both dual-fuel modes
achieved approximately 97% GHG reduction compared with
diesel-only operation through substantial diesel replacement with
carbon-free ammonia. Optimized LPDF increased the ITE by 5.1%
through reduced cooling losses but raised NO, emissions 140.6%
above diesel-only levels. Optimized HPDF achieved a diesel-
comparable ITE while reducing NO, emissions by 47%. Both opti-
mized configurations maintained 97% GHG reduction, with negli-
gible unburned ammonia emissions.

Nadimi et al. [156] developed and validated a CFD model to
study ammonia/biodiesel sprays, combustion characteristics, and
emissions formation. Direct liquid-ammonia injection with biodie-
sel in single-cylinder diesel engines significantly reduced GHG
emissions and combustion chamber temperatures. A maximum
50% ammonia energy ratio (AER) was achievable without signifi-
cant performance drops. Retarding the ammonia injection timing
from —25 to —10 crank angle degrees (CAD) reduced NO,, CO,
and ammonia emissions by 31.4%, 39.6%, and 31.3%, respectively.
Optimal conditions occurred with ammonia injection at —10 CAD
and biodiesel at —16 CAD with 50% AER. In addition, this team
modified a single-cylinder diesel engine with dual common rail
systems for direct liquid-ammonia/pilot biodiesel injection [157].
Welding three nozzles from six-nozzle injectors reduced NH; and
CO emissions by 29.2%. Late fuel injection increased the particulate
matter from 105 to 152 mgm™ due to fuel-rich high-
temperature zones but reduced NO, and CO emissions by 1.4 and
4.4 g(kW-h)™!, respectively, compared with early biodiesel start
of injection (SOI).

Zhang et al. [158] experimentally validated ammonia/diesel
dual DI in two-stroke low-speed engines using a diesel jet-
controlled compression ignition (JCCI) concept, examining engine
performance and emissions under various ammonia injection
quantities, timings, and diesel injection timings. The study verified
feasibility, demonstrating precise liquid-phase ammonia ignition
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control by diesel jets resulting in two-stage combustion dominated
by diesel then ammonia. Adjusting the ammonia injection timing
enabled different combustion modes: premixed, diffusion, and
premix-diffusion co-combustion. Excessive timing advancement
created super-lean mixtures, while absolute diffusion combustion
extended the total combustion duration. The combustion phase

107

Engineering 59 (2026) 82-117

showed high sensitivity to diesel injection timing. Robust ammo-
nia combustion control shortened the total combustion duration
compared with that of pure diesel, improving the ITE. Soot and
CO emissions decreased through enhanced spray plume interac-
tion and improved diesel atomization/evaporation promoting oxi-
dation during ammonia combustion. NO, emissions increased due
to the combined thermal NO, (diesel) and fuel NO, (ammonia) con-
tributions. Adjusting the diesel injection timing or extending the
combustion duration managed emissions but negatively impacted
the ITE. Injection timing at —8° crank angle after top dead center
(CA ATDC) provided optimal ITE and emission performance balance
for both fuels.

In 2024, research on liquid-ammonia spray engines began to
increase. Dong et al. [159] developed and validated a numerical
model for ammonia/diesel dual DI two-stroke engines using bench
test results. Their findings showed that optimizing the spray spa-
tial arrangement, intake temperatures, and EGR rates effectively
controlled nitrogenous and GHG emissions while maintaining high
thermal efficiency. Optimal conditions included an 8° spray
arrangement angle, 355-K intake temperature, and 20% EGR rate,
effectively balancing unburned ammonia, NO,, N,O, and GHG
emission reductions. Fig. 35 [159] illustrates the EGR rate effects
on CO, and GHG emissions, showing that both CO, and N,0 emis-
sions increased with rising EGR rates, elevating overall GHG levels.
At —4 °CA ATDC after the start of injection (ASOI) with a 30% EGR
rate, GHG emissions exceeded diesel-only mode levels.

The same team further numerically explored liquid-ammonia
diffusion combustion (LADC) based on a modified marine two-
stroke engine [160]. LADC significantly increased combustion
speed, reduced soot emissions by 99%, and advanced CA90 by
11.8 °CA compared with pure diesel. Optimal combustion and
emission characteristics occurred at 50%-70% AER. Fig. 36 [160]
shows the effects of AER on NO, and soot emissions: Increasing
AER raised NOy while reducing soot. NO emissions decreased and
N,O increased significantly at high AER due to the lower average
cylinder temperatures reducing thermal NO, with amino groups
reacting with NO to form nitrogen at 1100-1400 K. The higher
ammonia reaction temperatures generated fuel-type NO, decreas-
ing NO emissions at high AER. Diesel combustion produced negli-
gible N,O, with elevated-temperature ammonia combustion
being the primary source. Higher AER increased the liquid-
ammonia injection, raising ammonia combustion and N,O emis-
sions while reducing soot through decreased diesel injection.

Park et al. [161] investigated efficiency improvements by intro-
ducing oxygen into the intake air of a 2.5 L ammonia-fueled DI
spark-ignition engine, experimentally analyzing the combustion,
exhaust, and efficiency. Liquid ammonia was injected at 15 MPa,
with hydrogen and oxygen introduced via intake manifold. Oxygen
addition significantly increased the combustion stability and ther-
mal efficiency, particularly under low-speed, low-load conditions.
Increasing the oxygen concentration reduced the ignition delay
and accelerated the combustion speed, improving stability and
efficiency. Oxygen showed more pronounced effects than hydro-
gen on ignition delay and combustion speed. While increasing
the oxygen concentration from 25% to 30% further improved the
combustion stability and reduced unburned ammonia emissions,
additional efficiency improvements were insignificant.

Following their previous work, the team experimentally studied
diesel post-injection timing and quantity effects on combustion,
emissions, and efficiency in a 12 L ammonia-diesel dual-fuel CI
single-cylinder marine engine [162]. Conducting 40% diesel post-
injection near a micro-pilot injection in an ammonia-diesel dual-
fuel four-stroke marine engine reduced the unburned hydrocar-
bons by 18.9%, unburned ammonia by 11.2%, and N,O by 19.4%
compared with conventional dual-fuel combustion, while main-
taining equivalent thermal efficiency. Dual-fuel combustion
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surpassed neat diesel in GWP and CO,, NO, and CO emissions.
Although post-injection slightly increased the GWP due to higher
CO,, it significantly reduced the overall NO, emissions including
N,O and NO, improving combustion efficiency by lowering the
unburned ammonia and total hydrocarbons.

Park et al. [66] conducted engine experiments comparing com-
bustion, thermal efficiency, and exhaust emissions at various CRs
using liquid-ammonia DI with pilot-ignited diesel in a 12.5 L
single-cylinder marine engine. Increasing the CR in an ammonia-
diesel dual-fuel marine engine significantly improved the thermal
efficiency by over 5.8% and increased combustion stability. Fig. 37
[66] shows the effects of the CR on the in-cylinder pressure and
HRR, demonstrating that higher CRs increased the in-cylinder
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pressure and temperature, accelerating combustion efficiency.
While the maximum in-cylinder pressure increased with higher
CR, the peak pressure timing remained consistent. Higher CR
advanced heat-release initiation, although the HRR varied due to
fuel atomization differences. At CR 13, lower ambient pressure
and temperature produced higher premixed flame heat release
than at CR 14. Maximum HRR remained consistent across CRs
despite ammonia flow-rate variations. Improved diesel flame char-
acteristics increased the initial ammonia ignition and combustion
speed, with minimal impact on late combustion and unburned
ammonia emissions. A higher CR improved the thermal efficiency
and combustion stability, although the reduction of unburned
ammonia emissions was insignificant.

In addition, engine results from Mi et al. [163] show that the
ammonia post-injection strategy effectively mitigated the suppres-
sion effect of high-concentration ammonia on diesel ignition,
enabling advanced ignition timing and increased peak HRR. Com-
bined with intake heating, this approach achieved an AER of 86%
at an indicated mean effective pressure (IMEP) of 4 bar while
improving the ITE by 8% and substantially reducing unburned
ammonia. A feasible expansion strategy for achieving high AER in
liquid ammonia-diesel dual-fuel combustion is shown in Fig. 38
[163]. At IMEP = 6 bar, the ammonia post-injection strategy with
a controlled SOI for diesel and second ammonia injection timing,
combined with appropriate post-injection ammonia quantity,
enables an 80% substitution rate. At IMEP = 4 bar, intake heating
increases the in-cylinder activity, while ammonia pre-injection is
employed at low AER and post-injection at high AER. This approach
achieves higher thermal efficiency and lower ammonia emissions
across a wide operating range with relatively low N,O emissions.

Yang et al. [164] recently proposed an innovative ammonia
thermal atmosphere compression ignition (TACI) combustion
mode, as shown in Fig. 39. N-heptane is supplied to the intake
manifold and enters the cylinder with the intake air during the
intake stroke, where it auto-ignites under compression and under-
goes homogeneous charge-compression ignition (HCCI) combus-
tion. Following n-heptane combustion, ammonia is injected into
the cylinder and auto-ignites due to the active thermal atmosphere
comprising high pressure, high temperature, and active radicals.
The ammonia TACI combustion mode thus consists of three stages:
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Fig. 31. High-speed direct images of (a) ammonia stratified and (b) 100% nC;sHs4 spray flames. Reproduced from Ref. [153] with permission.

the n-heptane low-temperature reaction, n-heptane high- bustion characteristics and thermal efficiency in TACI mode, with
temperature combustion, and ammonia diffusion combustion. optimal timing being determined by the combustion phase.
The ammonia injection timing critically affects the diffusion com- Over-delayed injections reduce stability and efficiency while
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Fig. 32. Concept of a liquid and gas twin-fuel injection for NH3;-H, dual-fuel combustion in ICEs. Reproduced from Ref. [84] with permission.
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Fig. 33. Conceptual models of the pilot diesel-ignited ammonia combustion engine under both (a) LPDF and (b) HPDF modes. Reproduced from Ref. [155] with permission.
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Fig. 34. Comparison of the indicated thermal efficiency and emissions among the pure diesel, LPDF, and HPDF modes. The following parameters are constant in all cases:
157 rpm engine speed, 350 K in-cylinder temperature, and 3.2 bar pressure at EVC timing. Reproduced from Ref. [155] with permission.
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Fig. 35. Levels of GHG emissions at different EGR rates. Reproduced from Ref. [159]
with permission.

increasing N,O and NH; emissions. The high in-cylinder tempera-
tures from high-reactivity fuel combustion enable ultra-low N,O
and NHsz emissions, although CO and hydrocarbons require
aftertreatment and SCR for NO, compliance. With high ammonia
substitution rates and low N,O emissions, TACI combustion
demonstrates excellent GHG reduction potential, achieving over
70% reduction.

4.2. Summary

This section examines liquid-ammonia injections in engine-
application research from 2022 onward. While liquid-ammonia
injection in engines demonstrates technical feasibility with the
potential for 97% CO, reduction, significant challenges hinder its

111

practical viability. Engine performance shows mixed results: Some
studies report efficiency gains up to 5.1%, while others show 2.5%
penalties compared with diesel-only operation, and all configura-
tions require diesel pilot injection (3%-20% by energy), preventing
complete carbon neutrality. Two-stroke engine tests show
improved efficiency and reduced soot/CO, although NO, increases.
Numerical models indicate that spray arrangement, intake temper-
atures, and EGR rates can balance emissions while maintaining
efficiency. Oxygen-enriched air intake improves combustion sta-
bility, especially at low speeds/loads. Higher CRs increase effi-
ciency and stability, with minimal impact on unburned
ammonia. TACI mode displays efficient ammonia diffusion com-
bustion in a high-temperature atmosphere.

Most concerning are the emissions trade-offs: NO, emissions
increase dramatically (up to 140.6% in some modes) due to both
thermal and fuel-bound nitrogen sources, while N,O formation—
with a GWP 265-298 times that of CO,—can result in higher total
GHG emissions than diesel under certain conditions. Combined
with persistent ammonia-slip issues, narrow operational windows
requiring precise control, and infrastructure challenges for high-
pressure liquid-ammonia handling, these findings suggest that,
despite its carbon-reduction potential, liquid ammonia’s role in
transportation may be limited to niche applications unless break-
through emission-control technologies are developed. Critical
comparisons of NO, and N,O mitigation strategies reveal varying
levels of effectiveness:

Optimized combustion timing. Retarding ammonia injection
from —25 to —10 CAD reduces NO, by 31.4% [156] but may increase
unburned ammonia. The trade-off between NO, reduction and
combustion efficiency remains a key challenge.

EGR implementation. A 20% EGR rate effectively reduces NO,
via dilution and temperature reduction [159]. However, increasing
the EGR beyond 30% can elevate N,0 emissions, potentially negat-
ing GHG benefits. The optimal EGR rate appears to be 15%-25%,
based on multiple studies.
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(BTDC) of micro-pilot fuel-injection timing from the reference under different CRs.
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Stratified injection. The three-layer approach by Ichikawa et al.
[152] dramatically reduces N,O emissions by eliminating low-
temperature regions. Quantitatively, N,O emissions decreased
from 150 ppm to below 20 ppm, representing an 87% reduction.

Post-injection strategies. Diesel post-injection at 40% of pilot
quantity reduces N,O by 19.4% and unburned ammonia by 11.2%
[162], while maintaining thermal efficiency. This provides the best

SCR systems. While highly effective for NO, reduction (up to
90% efficiency), SCR systems present challenges with ammonia slip
and require careful temperature management (300-400 °C optimal
range) for ammonia exhaust streams. EGR effectively suppresses
thermal NO, but elevates N,O and CO, emissions, reducing ITE
by 2%-4% [155]. Stratified injection curbs N,O by 60% via temper-
ature homogenization [152], yet injector complexity impedes
adoption. SCR post-treatment achieves > 70% NO, reduction [48]
but requires ammonia dosing calibration to avoid ammonia slip.

5. Summaries, future research directions, and perspectives
5.1. Summaries

This review presents a comprehensive synthesis of liquid-
ammonia injection research, systematically analyzing the com-
plete spectrum from fundamental spray physics to engine imple-
mentation. It uniquely establishes critical connections between
microscopic phenomena (flash boiling, cavitation, droplet dynam-
ics) and macroscopic engine performance, demonstrating how
ammonia’s high latent heat causes spray core temperatures to
drop, directly explaining extended ignition delays and 40% lower
heat release at 900 K versus 1000 K. The review provides the first
comparative evaluation of emerging injection strategies (LPDF vs
HPDF, spray angles, stratified injection) with quantitative metrics,
while identifying precise research gaps unique to liquid ammonia,
including cavitation behavior, supercritical phase transitions, and

balance between emission reduction and performance. thermal decomposition during atomization. By integrating
45
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60% AER
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Fig. 38. Pathway for expanding to high AER at medium and low loads. Reproduced from Ref. [163] with permission.
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Fig. 39. Schematic diagram of the ammonia TACI combustion mode. Reproduced from Ref. [164] with permission.

breakthrough findings from 2022 to 2024, including first-ever suc-
cessful auto-ignition demonstrations and novel injection and igni-
tion strategies (TJI, stratified fuel injection, hydrogen co-injection,
and TACI), this work fundamentally shows the feasibility landscape
for liquid ammonia as an engine fuel and offers practical guidance
beyond theoretical discussions.

5.2. Future research directions

In-depth understanding of spray dynamics. Key knowledge
gaps include ammonia’s unique thermophysical properties and
its influence on cavitation inception and development, flash-
boiling dynamics under engine conditions, supercritical phase
transitions, surface tension effects on droplet breakup, evaporation
kinetics in reactive environments, aerodynamic breakup mecha-
nisms, multi-component spray behavior with fuel blends, and ther-
mal decomposition effects during atomization.

Advanced combustion strategies. Further research is needed
to develop advanced combustion strategies that can optimize the
trade-offs between thermal efficiency, combustion stability, and
pollutant emissions. This includes exploring novel ignition meth-
ods, such as laser ignition or advanced spark-ignition systems, to
address ammonia’s high ignition temperature and low reactivity.

Engine hardware and infrastructure. Research should focus
on developing specialized engine hardware tailored for liquid-
ammonia combustion. This includes designing injectors (prioritize
cavitation suppression and an optimized aspect ratio for flash-
boiling control), fuel systems, and combustion chambers that can
handle ammonia’s unique properties, such as its high latent heat
and narrow flammability range, while ensuring reliable and effi-
cient operation.

Emission-control technologies. Research should investigate
advanced emission-control technologies to mitigate the formation
of NO,, N;O, and unburned NH3 during ammonia combustion.
Utilizing the existing ammonia from the fuel system to replace
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urea in SCR can simplify the system while simultaneously reducing
residual unburned ammonia and NO, emissions. Additionally, the
catalyst in SCR operates optimally at around 600-700 K, allowing
effective use of engine exhaust heat to maintain catalyst tempera-
ture and achieve waste heat recovery.

Thermodynamic and fluid dynamic models. Development of
more accurate thermodynamic and fluid dynamic models for
ammonia sprays is essential. These models should account for
ammonia’s unique phase-change and resulting turbulence-
chemistry interaction to improve the prediction of spray character-
istics and combustion performance.

Material compatibility and safety infrastructure. Future
research must develop ammonia-resistant materials for fuel injec-
tors (nickel-based alloys, specialized polymers) and compatible
seals (EPDM, fluoropolymers) capable of 10 000 + operational
hours. Given ammonia’s toxicity (IDLH: 300 ppm), systems require
sub-second detection at < 5 ppm with automatic engine shutdown.
Safety frameworks must include ventilation (6+ air changes per
hour), emergency shutdown with purging systems, personal pro-
tective equipment (PPE) specifications, spill containment for liquid
ammonia, and protocols for bunkering and lube-oil contamination
using amine-resistant lubricants.

Long-term durability and scalability challenges. Transitioning
ammonia-fueled engines from the laboratory to commercial
deployment presents critical durability and scalability issues.
Injector degradation occurs due to nozzle erosion from ammonia’s
low lubricity, requiring research into wear mechanisms, surface
treatments, and maintenance schedules. Ammonia contamination
neutralizes acidic oil additives, reducing lubricant effectiveness
compared with diesel and necessitating ammonia-compatible for-
mulations. Ammonium nitrate deposits from combustion differ
from carbon deposits and may impact heat-transfer and CRs. Scal-
ing to multi-cylinder engines introduces cylinder-to-cylinder
ammonia distribution variations, complex dual-fuel control sys-
tems, and thermal-management challenges from non-uniform heat
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release. Demonstration programs on six-plus cylinder engines are
essential to validate scalability solutions.

5.3. Perspectives

The transition to liquid ammonia as a fuel represents a signifi-
cant step toward decarbonizing the transportation and energy sec-
tors. While substantial challenges remain, ongoing research and
technological advancements are gradually overcoming these
obstacles. Liquid ammonia’s potential as a carbon-free fuel—
combined with its high energy density and existing infrastruc-
ture—makes it an attractive option for future energy systems, par-
ticularly in maritime shipping and heavy-duty transportation.

Future research should prioritize the development of integrated
solutions that combine advanced combustion technologies, opti-
mized engine designs, and effective emission-control strategies.
Collaboration between academia, industry, and policymakers will
be crucial in driving the adoption of ammonia as a sustainable fuel
alternative. By addressing the technical, economic, and safety chal-
lenges associated with liquid-ammonia combustion, we can pave
the way for a cleaner and more sustainable energy future.
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