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A B S T R A C T

Ammonia is a promising zero‑carbon fuel, yet its application is hindered by low flame speed and high ignition 
energy. While methanol serves as a high-reactivity additive, its effectiveness strongly depends on operating 
strategies, particularly under medium-load conditions where chemical enhancement competes with physical 
cooling. This study employs a validated 3D-CFD model to reveal the dual effects of diesel start of injection (SOI) 
and methanol energy fraction (MEFP) on an ammonia/diesel engine with 90% ammonia energy fraction. Results 
demonstrate that SOI dictates whether methanol acts as a promoter or inhibitor. At early SOI (− 18 ◦CA ATDC), 
methanol exhibits a non-monotonic effect: it initially promotes combustion but triggers severe deterioration 
when MEFP exceeds 40%, primarily due to thermal quenching of the diesel ignition kernel by the high latent heat 
of methanol. Conversely, late SOI (− 14.2 ◦CA ATDC) creates a thermodynamic state that counteracts this 
cooling, allowing methanol to consistently enhance reactivity. An optimal configuration was identified at late 
SOI with 10% MEFP, achieving 43.3% thermal efficiency, reducing unburned NH₃ by 97%, and maintaining near- 
zero NO. Chemical kinetic analysis confirms that performance collapse is driven by a severe spatial disconnect 
between fuel-rich regions and the OH radical pool.

1. Introduction

Global decarbonization strategies have accelerated the transition of 
internal combustion engines toward carbon-neutral fuels [1–4]. While 
electrification is viable for light-duty vehicles, heavy-duty transport and 
marine propulsion require high-energy-density liquid fuels. Ammonia 
(NH₃), characterized by its carbon-free structure and established infra
structure, has emerged as a leading candidate for these sectors [5]. 
However, the practical application of ammonia is severely constrained 
by its high auto-ignition temperature and low laminar flame speed, 
which often lead to unstable combustion and excessive unburned NH₃ 
emissions [6].

To address these limitations, the ammonia/diesel dual-fuel (ADDF) 
combustion mode has been widely adopted [6–8]. In this mode, a high- 
reactivity pilot fuel (diesel) ignites the premixed ammonia. Previous 
studies indicate that while ADDF engines can achieve diesel-like effi
ciency at low-to-medium ammonia energy fractions (AEF), performance 
deteriorates significantly when the AEF exceeds 80% [9–12]. High AEFs 
result in global temperature reduction and prolonged combustion 

duration, causing a surge in unburned ammonia and N₂O emissions. 
Although optimizing the start of injection (SOI) [13–15] and employing 
split injection [16–19] can mitigate these issues to some extent, their 
effectiveness is limited under high-AEF conditions due to the inherent 
low reactivity of the mixture. To mitigate these issues, optimizing in
jection strategies has become a primary research focus. Recent studies 
have demonstrated the potential of advanced injection techniques.

Consequently, blending high-reactivity additives into ammonia has 
been proposed. While hydrogen and methane are effective [20–22], 
their storage and supply complexity limit practical utility. Methanol, 
being a liquid fuel with high reactivity relative to ammonia (though less 
reactive than diesel) and good miscibility, offers a superior logistical 
solution. Recent studies have further emphasized the importance of in
jection strategies in ammonia engines. For instance, the role of ammonia 
combined injection [23], the effects of injection pressure and nozzle 
dimension [24], and the spatial modification of ammonia injectors [25] 
have been investigated to improve combustion and emissions. However, 
a critical knowledge gap remains regarding the coupling effect of 
methanol addition under medium-load conditions. Preliminary studies 
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[26] have shown that methanol can enhance the combustion process of 
ammonia. However, current research has predominantly focused on 
high-load conditions, where high in-cylinder temperatures naturally 
facilitate combustion. A critical knowledge gap exists regarding 
medium-load operation, a common condition for marine and heavy-duty 
engines. At medium loads, lower in-cylinder temperatures may amplify 
the competition between chemical enhancement of ammonia and its 
high latent heat cooling effect, potentially altering the combustion 
mechanism observed at high loads.

Unlike previous studies that predominantly focus on high-load con
ditions where high in-cylinder temperatures naturally mask ignition 
difficulties, this study aims to bridge the knowledge gap regarding 
medium-load operation—a critical boundary where the competition 
between chemical enhancement and physical quenching is most acute. 
This work numerically investigates the coupled effects of SOI and 
Methanol Energy Fraction in Premixed fuel (MEFP) on an ADDF engine 
with a high AEF of 90%. The novelty of this research lies in identifying 
the non-monotonic “tipping point” of methanol's effect and establishing 
a theoretical framework that decouples the thermodynamic cooling 
penalty from the chemical reactivity benefit. By clarifying these 
competing mechanisms, this study provides precise guidance for the 
thermal management of triple-fuel combustion systems.

2. Numerical method

2.1. Test engine

The numerical investigation was performed based on a Caterpillar 
3401 single-cylinder, four-stroke heavy-duty diesel engine [27]. The 
main specifications are listed in Table 1. The engine has a compression 
ratio of 16.25, and the diesel injector, located at the cylinder head 
center, features 6 holes with a diameter of 0.23 mm. To ensure proper 
atomization and targeting, the injection pressure is set to 50 MPa, and 
the spray is oriented at an angle of 62.5◦ relative to the XZ plane. The 
engine was modified for dual-fuel operation: diesel is directly injected 
into the cylinder, while ammonia and methanol are premixed and 
introduced via the intake manifold [7]. In this study, the engine operates 
at a typical medium load point (50% load), with an engine speed of 910 
rpm and a brake mean effective pressure (BMEP) of 0.81 MPa.

The fuel energy definitions are as follows: AEF is the percentage of 
total energy contributed by ammonia. The pilot diesel energy remains 

constant throughout the study, accounting for 10% of the total energy 
input. Consequently, the premixed fuel (ammonia and methanol) con
tributes the remaining 90%. MEFP (Methanol Energy Fraction in Pre
mixed fuel) is defined as the percentage of energy contributed by 
methanol relative to the total energy of the premixed fuel (ammonia +
methanol). To provide a clear comparison of the fuel characteristics, the 
key physicochemical properties of the diesel surrogate, ammonia, and 
methanol used in this study are summarized in Table 2.

2.2. Numerical simulation model

To analyze the effect of MEFP on the combustion and emissions of 
ammonia/diesel dual fuel engine at high AEF, the numerical study was 
conducted on Converge v3.0 software [28]. The sub-models are detailed 
in Table 3. To accurately simulate the spray and vaporization processes, 
tetradecane (C14H30) was employed as the physical surrogate for diesel 
due to their similar macroscopic properties. Meanwhile, n-heptane was 
utilized as the chemical surrogate to closely match the cetane number 
and auto-ignition delay of actual diesel fuel. A reduced n-heptane/ 
ammonia mechanism (69 species, 389 reactions) was employed [29] 
coupled with the SAGE solver for combustion kinetics [30]. It should be 
noted that this mechanism inherently includes a comprehensive meth
anol sub-mechanism, enabling it to accurately capture the oxidation 
pathways, reaction kinetics, and cross-reactions of methanol alongside 
ammonia and the diesel surrogate. The in-cylinder flow was simulated 
by Reynolds-averaged Navier-stokes (RANS) based renormalization 
group k–ε model [31]. The spray and breakup of diesel were simulated 
by Kelvin-Helmholtz/Rayleigh-Taylor (KH-RT) model [32]. In this spe
cific implementation, the KH mechanism simulates the primary aero
dynamic stripping within the characteristic breakup length (Levich 
length). Beyond this distance, a competitive coupling between the KH 
and RT mechanisms is applied for secondary breakup, where the 
mechanism predicting a shorter breakup time dictates the droplet 

Table 1 
Main specifications of Caterpillar 3401 diesel engine.

Parameters Value

Type Caterpillar 3401
Number of cylinders 1
Bore 137.2 mm
stroke 165.1 mm
Connecting rod 261.62 mm
Compression ratio 16.25
Maximum power output 74.6 kW
Engine speed at full load 2100 rpm
Intake valve opening − 358.3 ◦CAATDC
Intake valve closing − 169.7 ◦CAATDC
Exhaust valve opening 145.3 ◦CAATDC
Exhaust valve closing 348.3 ◦CAATDC

Table 2 
Physicochemical properties of diesel, ammonia, and methanol.

Property Diesel Ammonia Methanol

Chemical Formula C10H22 (approx) NH3 CH3OH
Lower Heating Value (MJ/kg) 42.5 18.6 19.9
Latent Heat of Vaporization (kJ/ 

kg) 270 1370 1103

Density (kg/m3) 830 682 792

Table 3 
The sub-model used in the simulation.

Phenomenon Model

Combustion SAGE
Turbulence RNG k–ε model
Spray breakup Hybrid KH-RT
Droplet collision NTC collision method
Spray wall interaction O'Rourke

Fig. 1. Grid independence verification. Comparisons of in-cylinder pressure 
(left axis) and cell count (right axis) under different base grid sizes. The 5 mm 
grid was selected for this study to balance computational accuracy 
and efficiency.
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destruction. The droplet collision and spray wall interaction were 
simulated by no-time-counter (NTC) collision model [33] and O'Rourke 
model [34]. Since the simulation starts from Intake Valve Closing (IVC), 
the cooling effect of high latent heat of methanol was accounted for by 
adjusting the initial in-cylinder temperature at IVC. The initial temper
ature was calculated based on the energy conservation of the mixture 
vaporization process in the intake manifold.

2.3. Model validation

To ensure the simulation results were independent of mesh density, a 
grid sensitivity analysis was performed by varying the base grid size 
from 8 mm to 4 mm, as illustrated in Fig. 1. The in-cylinder pressure 
traces and total mesh cell counts were compared across these cases. As 
observed, the pressure profiles for the 5 mm and 4 mm grids were nearly 
identical, with a negligible deviation of only 0.45% in the predicted 
peak cylinder pressure, indicating that the solution had achieved 
convergence. However, the 4 mm grid resulted in a drastic increase in 
the total cell count (reaching approximately 1.56 million cells) 
compared to the 5 mm case (approximately 0.99 million cells). This 
roughly 1.57-fold increase leads to excessive computational cost without 
yielding a noticeable improvement in accuracy. Consequently, a base 

grid size of 5 mm was selected as the optimal compromise between 
calculation accuracy and efficiency. The model was validated against 
experimental data [7,27] under various operating conditions (Figs. 2–4). 
To rigorously quantify the model's accuracy, the Root Mean Square Error 
(RMSE) was calculated for the cylinder pressure traces. For the baseline 
diesel operation (Fig. 2), the pressure RMSE is exceptionally low at 
0.066 MPa. Under the 40% AEF conditions (Fig. 3), the pressure RMSEs 
are 0.137, 0.134, and 0.179 MPa for the SOIs of − 14.2, − 18, and −
24 ◦CA ATDC, respectively. Given that the peak pressures range from 8.0 
to 10.3 MPa, the maximum pressure prediction error represents a rela
tive deviation of less than 2%. Overall, the predicted in-cylinder pres
sure and heat release rate (HRR) showed excellent agreement with 
experiments. Although a slight deviation in NO emissions was observed 
at early SOI conditions—a common challenge in RANS-based simula
tions due to the sensitivity of the Zeldovich mechanism to local tem
perature fluctuations—the model correctly captured the emission trends 
and magnitude. Thus, the model is deemed robust for the qualitative and 
mechanistic analysis of this study.

It should be noted that while the model validation was performed at 
an AEF of 40% due to the safety limits of the experimental bench, the 
chemical kinetic mechanism employed has been widely validated under 
ammonia-rich conditions in previous literature [29]. Although quanti
tative deviations may exist at 90% AEF, the model robustly captures the 
qualitative trends of thermal quenching and radical competition. Since 
this study focuses on decoupling the governing mechanisms rather than 
absolute quantitative calibration, the current validation is deemed suf
ficient for elucidating the “tipping point” behavior of methanol.

3. Results and discussion

3.1. Baseline combustion characteristics under different AEFs

Figs. 5 and 6 illustrate the baseline effect of AEF on combustion. As 
AEF increases, both in-cylinder pressure and HRR decrease. Notably, 
when AEF exceeds 80%, the combustion phase (CA90) is severely 
delayed, leading to intensified post-combustion and a decline in indi
cated thermal efficiency (ITE). An AEF of 95% results in misfire-like 
conditions. Consequently, a high AEF of 90% was selected for the sub
sequent methanol addition study to represent a challenging operating 
condition that requires optimization.

Consequently, an AEF of 90% represents a critical operating 
boundary where the dual-fuel engine suffers from severe performance 
degradation. This specific condition was therefore selected as the focal 
point for the subsequent investigation, aiming to explore whether 
methanol addition can recover combustion stability and efficiency.

Fig. 2. Comparison of calculated in-cylinder pressure and HRR with experi
mental data at 100% diesel.

Fig. 3. Comparison of calculated in-cylinder pressure and HRR with experi
mental data at an AEF of 40%.

Fig. 4. Comparison of calculated NO emissions with experimental data at 
different AEFs and SOIs.
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3.2. Impact of Methanol Energy Fraction on Combustion and Emissions

Fig. 7 illustrates the in-cylinder pressure and HRR profiles. At an 
early SOI (− 18 ◦CA ATDC, Fig. 7a)), the combustion exhibits a non- 
monotonic response. Initially, as MEFP increases from 0% to 30%, the 

peak pressure and HRR rise, indicating that the chemical reactivity of 
methanol promotes combustion. However, when MEFP reaches 50%, 
the combustion deteriorates sharply, with peak pressure collapsing 
below the baseline. This phenomenon is mechanistically explained by 
Fig. 8, which depicts the mean in-cylinder temperature. At an SOI of 

Fig. 5. Effect of AEF on the in-cylinder pressure and HRR at SOIs of − 18 and − 14.2 ◦CA ATDC.

Fig. 6. Effect of AEF on mean in-cylinder temperature at SOIs of − 18 and − 14.2 ◦CA ATDC.

Fig. 7. Effect of MEFP on in-cylinder pressure and HRR at SOIs of − 18 and − 14.2 ◦CA ATDC.
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− 18 ◦CA ATDC, the addition of high-fraction methanol (50%) causes a 
significant reduction in the temperature during the compression stroke 
due to methanol's high latent heat of vaporization. As shown in Fig. 8 b), 
the peak temperature at 50% MEFP is not only significantly lower but 
also delayed to 60 ◦CA ATDC (post combustion stage). This strong 
thermal quenching effect significantly reduces the local temperature of 
the pilot fuel, inhibiting the auto-ignition of the diesel droplets. Similar 
phenomena have been reported in previous studies [35,36], where the 
excessive charge cooling caused by the high latent heat of alcohol fuels 
(methanol or ethanol) was identified as a primary driver for partial 
combustion or misfire in dual-fuel engines. Leading to the observed 
combustion failure in the current study.

In contrast, at a late SOI (− 14.2 ◦CA ATDC, Fig. 7b)), the cylinder 
environment is hotter and denser at the time of injection. Consequently, 
Fig. 8b) shows that even at 50% MEFP, the mean in-cylinder 

temperature remains robust, without the collapse observed in the 
early SOI case. This suggests that retarding the SOI effectively com
pensates for the cooling effect of methanol, allowing its chemical pro
moting effect to dominate.

While the mean in-cylinder temperature provides a global thermo
dynamic perspective, the auto-ignition of the diesel pilot relies heavily 
on the local thermal environment. To provide direct spatial evidence for 
the physical mechanisms behind the ignition failure at high MEFPs, 
Fig. 9 presents the local temperature distribution contours near the 
diesel spray plumes at the ignition timing for the early SOI (− 18 ◦CA 
ATDC) strategy.

As illustrated, the local high-temperature ignition kernels exhibit a 
progressive deterioration with the increase of methanol fraction. At the 
baseline 0% MEFP, a highly distinct and intense high-temperature 
ignition kernel (characterized by the prominent red regions) is 

Fig. 8. Effect of MEFP on mean in-cylinder temperature at SOIs of − 18 and − 14.2 ◦CA ATDC.

Fig. 9. Local temperature distribution contours near the diesel spray plumes at the ignition timing for 0%, 30%, and 50% MEFP (SOI = − 18 ◦CA ATDC).

Fig. 10. The effect of MEFP on CA10, CA50, and CA90 at SOIs of − 18 and − 14.2 ◦CA ATDC.
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successfully established at the spray periphery. When MEFP increases to 
30%, although auto-ignition still occurs, the peak temperature of the 
local ignition kernel is noticeably suppressed by the cooling effect of 
methanol, appearing only slightly hotter than the surrounding mixture. 
Finally, when the MEFP reaches the critical threshold of 50%, a stark 
macroscopic transformation is observed. The massive vaporization of 
methanol absorbs substantial heat, drastically reducing the local tem
peratures, and the local high-temperature regions almost completely 
vanish (evidenced by the widespread blue and green low-temperature 
regions). This direct visual evidence confirms that the physical ther
mal quenching acts as a progressive and dominant trigger; it effectively 
freezes the local thermal environment, prevents early kernel develop
ment, and ultimately leads to the global combustion deterioration and 
massive unburned fuel slip discussed previously.

Fig. 10 presents the combustion phasing (CA10, CA50, CA90). 
Generally, CA10 is delayed with increasing MEFP due to the cooling- 
induced ignition delay. However, the impact on CA50 and CA90 dif
fers by SOI. At − 18 ◦CA ATDC, CA90 is severely prolonged when MEFP 
exceeds 40%, confirming the unstable late-stage combustion. At 
− 14.2 ◦CA ATDC, the phasing remains relatively stable even at high 
MEFPs, further verifying the robustness of the late injection strategy.

The trade-off between efficiency and emissions is analyzed in Fig. 10
(Early SOI) and Fig. 11 (Late SOI). For the early SOI case (− 18 ◦CA 
ATDC): 

1) ITE, NH₃ and CH3OH (Fig. 11 a)): ITE improves initially (peaking at 
45.4% at 20% MEFP) but plummets by 29.3% when MEFP reaches 
50%. Correspondingly, the emissions of unburned NH₃ and CH3OH, 

which are effectively suppressed at low MEFPs, surge to 2.369 g/ 
kWh and 0.93 g/kWh at 50% MEFP due to the aforementioned 
misfire-like conditions.

2) CO and HC (Fig. 11 b)): Under stable combustion (0–40% MEFP), CO 
and HC emissions decrease as MEFP increases, approaching zero. 
However, at the tipping point of 50% MEFP, both CO and HC spike 
sharply, serving as further evidence of incomplete oxidation caused 
by thermal quenching.

3) NO and E-CO₂ (Fig. 11 c)): NO emissions exhibit a “bell-shaped” 
trend, peaking at 20–30% MEFP (reaching ~3 times the diesel level) 
before dropping at 50%. This peak is attributed to the enhanced 
flame speed of methanol creating local high-temperature zones. E- 
CO₂ (Equivalent CO₂) follows a trend similar to efficiency but is 
highest at 50% MEFP due to the severe greenhouse gas impact of 
unburned fuel species.

4) NO and N2O trade-off (Fig. 11 d)): A profound trade-off relationship 
between NO and N2O emissions is explicitly captured, which is 
fundamentally governed by the in-cylinder temperature variations. 
At 0% MEFP, the relatively lower bulk temperature results in low NO 
but high N2O emissions (2.80 g/kWh). As MEFP increases to 
20–30%, the enhanced combustion yields higher local temperatures 
(>1500 K), which promote thermal NO formation while effectively 
destroying N2O (dropping below 0.003 g/kWh). However, at 50% 
MEFP, the severe thermal quenching induced by high latent heat of 
methanol drastically reduces the bulk temperature. This cooling ef
fect completely suppresses NO formation but shifts the thermal 
environment back into the intermediate temperature window 

Fig. 11. Effect of MEFP on ITE and emissions at an SOI of − 18 ◦CA ATDC (The Equivalent CO₂ (E-CO₂) was calculated using the Global Warming Potential (GWP) 
values over a 100-year horizon: CO2 = 1, N2O = 298, and unburned NH3 = 0 (assuming eventual deposition or oxidation in the atmosphere, though its indirect GWP 
is noted).)
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(approximately 1100–1400 K), causing a sharp rebound in N2O 
emissions to 1.11 g/kWh.

For the late SOI case (− 14.2 ◦CA ATDC), the trends are distinct: 

Fig. 12. Effect of MEFP on ITE and emissions at an SOI of − 14.2 ◦CA ATDC.

Fig. 13. Effect of MEFP on the distributions of temperature, equivalence ratio, OH, N2O and NO at an SOI of − 18 ◦CA ATDC and IT.
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1) ITE, NH₃ and CH3OH (Fig. 12 a)): This strategy identifies an optimal 
operating window. Increasing MEFP from 0% to 10% boosts ITE from 
37.0% to 43.3% (a relative improvement of 17.0%) while achieving a 

dramatic 97% reduction in NH₃ emissions, with the CH3OH emis
sions also maintained at extremely low levels (0.0188). Unlike the 
early SOI case, ITE remains stable even at higher MEFPs.

Fig. 14. Effect of MEFP on the distributions of temperature, equivalence ratio, OH, N2O and NO at an SOI of − 18 ◦CA ATDC and CA10.

Fig. 15. Effect of MEFP on the distributions of temperature, equivalence ratio, OH, N2O and NO at an SOI of − 18 ◦CA ATDC and CA50.

J. Li et al.                                                                                                                                                                                                                                         Fuel Processing Technology 286 (2026) 108442 

8 



2) CO and HC (Fig. 12 b)): Both CO and HC emissions are maintained at 
extremely low levels across the entire MEFP sweep. A minor increase 
in CO is observed at 10% MEFP, likely due to slight methanol slip, 
but it is rapidly oxidized at higher blends.

3) NO and E-CO₂ (Fig. 12 c)): A significant advantage of this strategy is 
observed at 10% MEFP, where NO emissions remain near zero. 
However, a trade-off exists: increasing MEFP beyond 20% causes NO 
to rise sharply. Consequently, the combination of SOI –14.2 ◦CA 
ATDC and 10% MEFP is identified as the optimal “sweet spot,” 
simultaneously achieving high efficiency, near-zero NH₃, and ultra- 
low NO emissions.

4) NO and N2O trade-off (Fig. 12 d)): The late SOI strategy exhibits a 
distinct NO-N2O trade-off trajectory. At 0% MEFP, N2O emission is 
prominent (3.85 g/kWh). At the optimal 10% MEFP, a favorable 
balance is achieved where NO remains near zero and N2O is sub
stantially reduced to 1.38 g/kWh. Further increasing MEFP 
(20–50%) enhances the local combustion temperatures and flame 
speeds, which strongly promotes the high-temperature thermal NO 
pathways. Consequently, NO emissions rise sharply, while N2O is 
effectively consumed and diminished to near-zero levels (<0.007 g/ 
kWh). This trade-off further solidifies that the combination of SOI 
–14.2 ◦CA ATDC and 10% MEFP provides the optimal compromise 
for mitigating the comprehensive greenhouse gas footprint.

In summary, the macroscopic results verify that retarding the SOI is a 
prerequisite for unlocking the benefits of methanol. The combination of 
a late SOI (− 14.2 ◦CA ATDC) with a moderate MEFP (10%) effectively 
breaks the trade-off between efficiency and emissions, emerging as the 
optimal configuration for medium-load operation.

3.3. Mechanism Analysis of Spatial Distributions

To reveal the fundamental chemical kinetics driving the macroscopic 
performance observed in Section 3.2, the spatial evolution of tempera
ture, equivalence ratio (Φ), and critical species (OH, NO, N₂O) was 
analyzed. The distributions are examined at four key moments: Ignition 
Timing (IT), CA10, CA50, and CA90.

3.3.1. Mechanism under early Injection Strategy (SOI = − 18 ◦CA ATDC)
Figs. 12 to 15 depict the evolution of the in-cylinder field under the 

early SOI strategy. The comparison between the baseline (0% MEFP) 
and the high methanol case (50% MEFP) reveals the mechanism of 
combustion deterioration.

Ignition and Early Flame Development (IT & CA10): At IT (Fig. 13), 
the baseline case shows a developing high-temperature kernel. How
ever, at 50% MEFP, the cooling effect of methanol vaporization sup
presses low-temperature reactions, resulting in a significantly cooler 
charge. By CA10 (Fig. 14), a stark contrast emerges: while the 0–20% 

Fig. 16. Effect of MEFP on the distributions of temperature, equivalence ratio, OH, N2O and NO at an SOI of − 18 ◦CA ATDC and CA90.
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MEFP cases exhibit a robust high-temperature core (>2000 K) with 
abundant OH radicals, the 50% MEFP case shows almost no distinct 
high-temperature region. The OH radicals, which are essential for 
oxidizing NH₃, are virtually absent. This explains the delayed ignition 
and initial heat release lag observed in Fig. 7a).

Main Combustion Phase (CA50–Fig. 15): As combustion progresses 
to CA50, the impact of thermal quenching becomes critical. For low 
MEFPs, OH radicals are distributed throughout the high-temperature 
regions, and NO is formed in these overlapping high-T/high-OH zones 
via the thermal mechanism. Conversely, at 50% MEFP, the high- 

temperature region is “smeared” and uniform but remains at a low 
level (~1800 K). Crucially, OH radicals are confined strictly to the pe
riphery. This severe spatial disconnect, quantified by the minimal 
overlap between fuel-rich zones (high Φ) and the oxidizer pool (OH 
radicals), inhibits the complete oxidation of ammonia, directly leading 
to the high unburned NH3 emissions of ammonia, directly leading to the 
high unburned NH₃ emissions reported in Fig. 10.

Late Combustion Phase (CA90– Fig. 16): At the final stage, the 50% 
MEFP case still fails to establish a robust flame. The N₂O distribution 
provides key insight: N₂O is primarily found at the edges of the OH/NO 

Fig. 17. Effect of MEFP on the distributions of temperature, equivalence ratio, OH, N2O and NO at an SOI of − 14.2 ◦CA ATDC and IT.

Fig. 18. Effect of MEFP on the distributions of temperature, equivalence ratio, OH, N2O and NO at an SOI of − 14.2 ◦CA ATDC and CA10.

J. Li et al.                                                                                                                                                                                                                                         Fuel Processing Technology 286 (2026) 108442 

10 



Fig. 19. Effect of MEFP on the distributions of temperature, equivalence ratio, OH, N2O and NO at an SOI of − 14.2 ◦CA ATDC and CA50.

Fig. 20. Effect of MEFP on the distributions of temperature, equivalence ratio, OH, N2O and NO at an SOI of − 14.2 ◦CA ATDC and CA90.
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regions. In successful combustion (low MEFP), this N₂O is an interme
diate that is eventually consumed. However, in the quenched combus
tion of 50% MEFP, the reaction path is truncated, allowing N₂O and NH₃ 
to survive into the exhaust.

3.3.2. Mechanism under late Injection Strategy (SOI = − 14.2 ◦CA ATDC)
Figs. 17 to 20 illustrate the process under the late SOI strategy, 

explaining why this strategy successfully accommodates methanol.
Ignition Robustness (IT & CA10): Unlike the early SOI case, the late 

injection occurs in a hotter, more compressed environment. At IT 
(Fig. 17) and CA10 (Fig. 18), even with 50% methanol, a local high- 
temperature region is successfully established downstream of the fuel 
jet. The diesel pilot acts as a robust “radical seed,” generating an initial 
pool of OH radicals that withstands the cooling effect of methanol.

Flame Propagation (CA50 – Fig. 19): The synergy between diesel and 
methanol becomes evident here. As MEFP increases, the OH radical 
distribution extends from the pilot flame into the premixed ammonia/ 
methanol zone. Methanol, with its lower C-H bond energy compared to 
ammonia, decomposes rapidly to replenish the OH pool. This sustain
able radical propagation ensures that the equivalence ratio (Φ) de
creases efficiently toward 1.0 (stoichiometric), indicating complete fuel 
consumption.

Pollutant Formation Mechanism (CA90 – Fig. 20): The spatial over
lap of species at CA90 elucidates the emissions trade-off. NO is strictly 
confined to the highest temperature cores where OH concentration is 
high. At 10% MEFP, the high-temperature region is moderate, keeping 
NO levels low. However, as MEFP increases, the high-temperature zone 
expands (due to methanol's faster burning velocity), causing the NO 
region to grow. Meanwhile, N₂O remains wrapped around the outer 
periphery of the NO cloud. The late SOI strategy ensures that the in- 
cylinder temperature is high enough to consume N₂O and NH₃, 
but—at the optimal 10% MEFP point—not high enough to trigger 
massive thermal NO formation, thus achieving the “sweet spot” identi
fied in Fig. 12.

Collectively, these spatial evolutions reveal the governing mecha
nism: the macroscopic performance deterioration at early SOI is 
fundamentally driven by the thermal quenching of the OH radical pool, 
whereas the late SOI strategy succeeds by utilizing the higher ambient 
temperature to sustain a radical-rich environment, thereby ensuring 
complete oxidation pathways.

4. Conclusion

This study performed a comprehensive numerical investigation into 
the coupling effects of injection strategy and methanol blending, iden
tifying an optimal configuration (SOI = − 14.2 ◦CA ATDC, 10% MEFP) 
that achieves a diesel-like thermal efficiency of 43.3% with a 97% 
reduction in unburned NH₃. By focusing on a high ammonia energy 
fraction (90%) scenario, the work decouples the complex interactions 
between thermodynamic cooling and chemical reactivity enhancement. 
The key findings and their implications are summarized as follows: 

1. Methanol does not essentially act as a combustion promoter; its role 
is strictly regulated by the start of injection (SOI). At an early SOI 
(− 18 ◦CA ATDC), methanol exhibits a “tipping point” behavior. 
While low fractions (<30%) improve reactivity, exceeding a critical 
threshold of 40% triggers severe combustion deterioration, charac
terized by a 26.6% drop in thermal efficiency and a surge in un
burned NH₃. This is mechanistically attributed to the thermal 
quenching effect, where high latent heat of methanol cools the 
charge below the threshold required for sustained diesel auto- 
ignition.

2. Retarding the injection timing to − 14.2 ◦CA ATDC proves to be the 
effective strategy for mitigating methanol's cooling penalty. The 
higher in-cylinder temperature at this timing compensates for the 
latent heat absorption, allowing the chemical promoting effect of 

methanol (via radical supply) to dominate. This strategy significantly 
reduces the sensitivity of combustion phasing to methanol varia
tions, ensuring robust operation.

3. A synergistic “sweet spot” for medium-load operation was identified. 
The combination of a retarded SOI (− 14.2 ◦CA ATDC) with a 10% 
methanol energy fraction (MEFP) achieved an indicated thermal 
efficiency of 43.3%, comparable to pure diesel operation. Crucially, 
this configuration reduced unburned NH₃ emissions by 97% relative 
to the baseline and maintained NO emissions at near-zero levels, 
effectively resolving the efficiency-emissions trade-off inherent to 
ammonia engines.

4. Chemical kinetic analysis revealed that the sustainability of the OH 
radical pool is the governing factor for performance. Under the 
optimal strategy, the diesel pilot acts as a robust “radical seed” that 
rapidly propagates into the premixed ammonia/methanol zone. In 
contrast, the performance collapse at early SOI is driven by the 
spatial disconnect between fuel-rich regions and OH radicals, which 
halts the oxidation pathway of NH₃ and leads to incomplete 
combustion.

These findings challenge the conventional reliance on early injection 
for premixed combustion in ammonia engines. This study establishes a 
theoretical framework suggesting that for triple-fuel systems (Ammonia- 
Methanol-Diesel), thermal management via injection timing retardation 
is prerequisite to unlocking the chemical potential of reactive additives.
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