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 A B S T R A C T

Ammonia has been considered a promising carbon-free fuel for marine engines. However, its low flame speed 
and high nitrogen oxides (NO𝑥) and nitrous oxide (N2O) emissions present significant challenges. To address 
these issues, novel combustion concepts, such as ammonia/diesel dual-fuel Reactivity-Controlled Compression 
Ignition (RCCI) engines, have been proposed. This paper presents a detailed investigation of ammonia/n-
heptane combustion under RCCI engine conditions using direct numerical simulation (DNS) to gain insights 
into ignition, combustion modes, and emission formation mechanisms. A temporally evolving jet configuration 
is considered in the DNS, with the computational domain comprising two regions: a fuel-lean premixed 
ammonia/air mixture and a fuel-rich n-heptane jet/ammonia/air mixing region. The pressure and temperature 
in these regions are representative of typical marine engine operating conditions. The DNS results reveal 
multiple reaction layers, including the fuel-lean premixed flame (LPF), fuel-rich premixed flame (RPF), diffusion 
flame (DF), and rich ammonia oxidation layer (RAOL). The LPF propagates into the ambient ammonia/air 
mixture, significantly influencing combustion efficiency and NO formation, while the RPF propagates into 
the fuel-rich n-heptane/ammonia/air mixture due to low-temperature ignition. The DF oxidizes combustion 
intermediates and NO, while the RAOL facilitates ammonia oxidation, forming intermediate species such as 
hydrogen (H2), amino radicals (NH2), and nitrene radicals (NH), which eventually participate in the reactions 
in the DF and RPF. The back-supported propagation of the LPF is influenced by n-heptane mixing, heat, and 
radical transfer from the DF, and jet-induced vortices and turbulence. Increasing n-heptane jet speed enhances 
this effect, improving ammonia combustion efficiency. NO primarily forms in the LPF and is consumed in 
the DF, while N2O is generated in the LPF (continuously) and RPF (during the ignition stage), while being 
consumed in the RAOL. Higher n-heptane jet velocity accelerates NO consumption but increases N2O formation 
due to enhanced mixing and ammonia entrainment. Understanding these mechanisms provides valuable 
insights into optimizing RCCI combustion for reduced emissions and improved efficiency in ammonia-fueled 
marine engines.
Novelty and significance statement

• This research investigates ammonia-fueled RCCI engines using high-fidelity direct numerical simulations, 
examining the effects of turbulent jets and ambient ammonia concentration. The simulations resolve all fine 
structures and provide detailed insights, while the findings are applicable to practical marine engine scenarios.

• Multiple reaction layers in ammonia RCCI combustion are identified, including back-supported lean 
premixed flame propagation, cool flame, diffusion flame, and rich ammonia oxidation layer.

• The study elucidates the processes behind NO and N2O emissions in ammonia RCCI engines, including 
their generation, consumption, and potential control.
1. Introduction

Ammonia (NH3), as a carbon-free fuel, holds significant potential 
for decarbonizing the transport sector [1,2]. Its combustion in the air 
produces nitrogen and water as primary products, avoiding carbon 
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E-mail address: xue-song.bai@energy.lth.se (X.-S. Bai).

dioxide (CO2) emissions. Additionally, ammonia serves as a hydrogen 
carrier and is considered a sustainable fuel source, ensuring long-term 
energy security. However, several challenges hinder the use of ammo-
nia in internal combustion engines. These include its poor combustion 
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efficiency and the generation of substantial nitrogen oxides (NO𝑥) 
emissions due to the nitrogen content in the fuel. Previous studies 
have demonstrated that ammonia can be utilized in spark-ignition 
engines, though co-firing with a small fraction of hydrogen (e.g., 10%) 
is often necessary to enhance combustion efficiency [3,4]. Ammonia 
can serve as a fuel in compression-ignition engines; however, diesel 
is typically required to assist with ignition. This is because ammonia-
only compression-ignition engines often face ignition challenges, even 
at high compression ratios like 30:1 [5].

Recent research on ammonia marine engines has focused on diesel/
ammonia dual-fuel compression-ignition engines, which are highly de-
sirable as they can be adapted from the current fleet of diesel/natural 
gas dual-fuel engines [6]. Several studies have explored a dual-fuel con-
cept in which ammonia is introduced into the intake manifold, forming 
a premixed ammonia/air mixture prior to combustion, while diesel 
is directly injected during the later stages of the compression stroke 
to ignite the premixed ammonia/air mixture [6–13]. This approach is 
similar to the reactivity-controlled compression-ignition (RCCI) engine 
concept [14], building on earlier ammonia/diesel dual-fuel engine 
studies by Pearsall and Garabedian [5].

For diesel/ammonia RCCI engines, minimizing diesel use and con-
trolling emissions of NO𝑥, nitrous oxide (N2O), CO2, carbon monoxide 
(CO), soot, and unburned hydrocarbons are critical. Reiter and Kong [7,
8] found that at full-load of their experimental engine (40 kW output), 
optimal overall fuel efficiency occurred with 40%–60% diesel energy 
share. However, further reducing diesel energy increased nitric oxide 
(NO) emissions. Similarly, Yousefi et al. [10] reported a decrease in 
combustion efficiency from 98% to 64% as the diesel energy share 
dropped from 100% to 60% in their engine experiments, resulting 
in significant ammonia slip. In a follow-up study using the same en-
gine, Yousefi et al. [11] demonstrated the effects of splitting the diesel 
injection into two parts (i.e., an early injection and a main injection 
before top dead center (TDC)). This injection strategy can optimize 
both engine efficiency and NO𝑋 emissions. Niki et al. [9] reported 
results similar to those of Reiter and Kong [7,8]. Additionally, they 
investigated the potential for reducing ammonia slip through a second 
diesel injection occurring 10–50 crank angle degrees after TDC. Their 
findings indicated that this secondary injection significantly reduces 
ammonia slip but results in a slight increase in N2O emissions. Xu 
et al. [6] demonstrated a 320 mm bore industrial ammonia/diesel RCCI 
engine achieving a low diesel energy share (down to 24%) with com-
bustion efficiencies above 90%. However, NO emissions were notably 
higher than those in comparable natural gas/diesel RCCI engines. Førby 
et al. [12] conducted ammonia/n-heptane RCCI engine experiments 
and found that high combustion efficiency can be achieved with an 
ammonia energy share of up to 98.5% when the ammonia/air mixture 
is near stoichiometric (i.e., with an equivalence ratio of 0.9). Notably, 
unburned ammonia emissions were found to decrease with increasing 
ammonia energy share, which contrasts with the findings of Yousefi 
et al. [10]. Huang et al. [15] also demonstrated that unburned ammonia 
emissions increase as the ammonia energy share rises in their exper-
imental engine. Despite similar trends in combustion efficiency and 
emissions reported in the literature, significant variations are observed 
in the absolute values of these parameters in different engines under 
comparable diesel energy shares. This suggests that the interaction 
between diesel and ammonia flames in the engine is a highly complex 
process, strongly influenced by engine configuration and operating 
conditions.

The interaction between diesel and ammonia in RCCI engine com-
bustion influences several critical aspects, including diesel ignition, 
flame propagation in the premixed ammonia/air mixture, emissions of 
NO and N2O, and ammonia slip. Studies have consistently shown that 
mixing ammonia with diesel in the mixing layer of the diesel jet leads 
to delayed ignition of diesel [15–17], with the delay increasing as the 
ammonia mass fraction or energy share in the diesel/ammonia mixture 
rises [12,18,19]. This delay is largely chemical in origin: ammonia 
2 
competes with diesel for OH radicals [18,20,21], diminishing diesel’s 
reactivity and its role in facilitating ignition. High scalar dissipation 
rates (SDR), especially in turbulent combustion with diesel sprays, 
further exacerbate ignition delays [22].

Low combustion efficiency and high emissions of unburnt NH3 and 
N2O are likely attributed to the slow flame propagation speed of the 
premixed ammonia/air mixture in a diesel/ammonia RCCI engine [15,
16,23]. The ammonia flame speed is enhanced by mixing it with diesel, 
which creates spatial stratification of equivalence ratio and reactivity. 
The flame propagation in the premixed ammonia/air mixture is ‘‘back-
supported’’ by diesel. Several researchers have studied back-supported 
flame propagation in ammonia combustion. Tomidokoro et al. [24] 
investigated the laminar flame speed of an ammonia/air mixture with 
equivalence ratio stratification in a one-dimensional counter-flow con-
figuration. They found that with rich-to-lean equivalence ratio stratifi-
cation, the laminar flame speed could be improved by 40% compared to 
the homogeneous mixture, while lean-to-rich stratification resulted in a 
20% decrease in laminar flame speed. Chi and Thévenin [25] conducted 
direct numerical simulations (DNS) of ammonia/air combustion back-
supported by a hydrogen/air jet flame in a pre-chamber/main chamber 
combustion system. Their results showed that the local flame displace-
ment speed could be up to ten times faster than the ammonia/air flame 
speed.

Fundamental investigations into reaction zone structures, back-
supported flame propagation, and the mechanisms of NO𝑥, N2O, and 
ammonia emissions in ammonia/diesel RCCI combustion remain lim-
ited. Much of the fundamental knowledge of RCCI combustion orig-
inates from research on other fuels, such as methane [26,27], iso-
octane [28,29], and methanol [30]. For example, Yu et al. [28] and
Bhagatwala et al. [29] explored iso-octane/air mixtures ignited by 
n-heptane jets, noting that ignition typically begins within the mix-
ing layer. This process is often followed by either premixed flame 
propagation or ignition wave phenomena, with the primary fuels 
predominantly combusted through flame propagation.

To the best of the authors’ knowledge, there are no DNS stud-
ies of diesel/ammonia RCCI combustion under engine-relevant condi-
tions. The fundamental ignition, combustion, and emission processes 
in diesel/ammonia RCCI engines remain poorly understood. This paper 
aims to bridge this gap. A typical diesel/ammonia/air stratified mixture 
configuration is considered, akin to the work of Zhao et al. [31], 
which was limited to one-dimensional laminar flame conditions. The 
DNS results are utilized to provide insights into the following: (a) the 
ignition of diesel/ammonia mixture within the mixing layer and the 
factors that influence the ignition process, (b) the combustion modes 
in RCCI combustion, (c) the back-supported flame propagation, and (d) 
the mechanisms underlying NO and N2O emissions in RCCI combustion.

2. Computational setup

2.1. DNS configuration

The DNS configuration represents an idealized scenario of diesel/
ammonia RCCI combustion under engine-relevant conditions, replicat-
ing critical features of RCCI engines when the pistons approach the 
TDC. Fig.  1 illustrates essential details of the computational domain 
and boundary conditions in the DNS configuration. The domain is filled 
with a premixed ammonia/air mixture at typical post-compression 
stroke temperature and pressure conditions. The computational domain 
has dimensions of 4𝐿 in the streamwise (𝑥-) direction, 16𝐿 in the 
cross-flow (𝑦-) direction, and 𝐿 in the spanwise (𝑧-) direction.

At the center of the domain, an n-heptane (C7H16) jet is introduced 
to simulate diesel spray injection into the premixed ammonia/air mix-
ture. The n-heptane gas stream mixes with the premixed ammonia/air 
mixture within a region characterized by a width H.

For the domain boundaries, periodic boundary conditions are ap-
plied in the streamwise (𝑥-direction) and spanwise (𝑧-direction) bound-
aries. A non-reflective outflow boundary condition is implemented for 
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Fig. 1. A schematic of the DNS configuration. The origin of the 𝑥, 𝑦, 𝑧 coordinate system 
is at the center of the domain, with the 𝑥, 𝑦, and 𝑧 axes ranging from [−2𝐿, 2𝐿], 
[−8𝐿, 8𝐿], and [-𝐿∕2, 𝐿∕2], respectively.

the cross-flow (𝑦-direction) boundaries to prevent pressure reflections 
from the domain edges and ensure accurate simulation of flow behavior 
inside the domain. The DNS configuration closely resembles the tem-
porally evolving planar jet flames studied by Hawkes et al. [32,33], 
but it is applied here under high-pressure, high-temperature dual-
fuel engine conditions. This setup was selected to efficiently capture 
the back-supported flame propagation while minimizing computational 
cost.

2.2. Domain initializations

The thermochemical states of the mixture are defined by the inter-
action between two streams: the n-heptane stream and the premixed 
ammonia/air stream. The premixed mixture stream is characterized by 
a temperature of 900 K and a pressure of 60 bar, conditions that repli-
cate the in-cylinder state after the compression stroke. The equivalence 
ratio of the premixed ammonia/air mixture, 𝜙NH3

, varies from 0.3 to 
0.9, allowing for the study of different fuel-air mixture compositions.

The n-heptane stream originates from liquid n-heptane at 300 K. To 
simulate diesel spray conditions, the liquid n-heptane stream undergoes 
adiabatic mixing with the premixed ammonia/air stream before the 
start of the DNS, following the methodology outlined by Krisman et al. 
[34] and Zhao et al. [31]. The evaporation of n-heptane is accounted 
for through this adiabatic mixing process. After mixing, the final central 
jet consists of a mass composition of 50% premixed ammonia/air and 
50% n-heptane, with a resulting mixture temperature of 475 K.

The domain is initialized with isotropic and homogeneous turbu-
lence, characterized by a turbulent velocity 𝑢′ and an integral scale 
𝑙0. The premixed ammonia/air mixture has no mean flow, while the 
central jet is introduced with a velocity denoted as 𝑢jet. Table  1 provides 
detailed values of 𝑢′, 𝑙0, and 𝑢jet.

The mixing of the ambient mixture and center jet is characterized 
by the mixture fraction 𝑍. It is defined as the normalized mass fraction 
of carbon, as described in Eq. (1): 

𝑍 =
𝑌C − 𝑌C,min

𝑌C,max − 𝑌C,min
(1)

Here, 𝑌C = 𝑌C,min = 0 is set in the ambient ammonia/air mixture, while 
𝑌C = 𝑌C,max in the central jet. Based on this definition, the value of 𝑍
varies from 0 to 1.

The mixing layers are initialized between the central jet and the 
ambient gas. A hyperbolic tangent function is employed to initialize 
3 
the mixture fraction 𝑍 within the mixing layer, as described in Eq. (2), 
where 𝑦 indicates the vertical distance from the domain center, 
𝑍 = 0.5 (1 + tanh(5 − |𝑦|∕𝛿)) (2)

Here, the characteristic mixing length, or the thickness of the mixing 
layer, is set to be 𝛿 = H∕10.

The thermochemical states of the mixture, such as species mass 
fractions 𝑌𝑖 and temperature 𝑇 , within the mixing layer, are determined 
as functions of 𝑍. For Instance, the initial mass fraction of the 𝑖th 
species, 𝑌𝑖 is computed using the following relations: 
𝑌𝑖 = 𝑍𝑌𝑓,𝑖 + (1 −𝑍)𝑌𝑎,𝑖 (3)

where the subscript 𝑖 refers to the four species involved: NH3, C7H16, 
N2 (nitrogen), and O2 (oxygen). The subscripts ‘‘f’’ and ‘‘a’’ correspond 
to the n-heptane and premixed ammonia/air streams, respectively. The 
initial temperature 𝑇  within the mixing layer is similarly obtained.

2.3. DNS cases

Table  1 summarizes the numerical case setups, which include four 
one-dimensional (1D) cases and two three-dimensional (3D) cases. Two 
jet velocities (𝑢jet) are considered — 0 m/s (homogeneous turbulent 
flow without mean flow) and 10 m/s — to investigate the impact of 
jet velocity on RCCI combustion process. The equivalence ratio (𝜙NH3

) 
of the premixed ammonia/air mixture ranges from 0.3 to 0.9 in the 
1D cases. The 3D DNS studies focus on the 𝜙NH3

= 0.9 condition, 
as it closely aligns with the ammonia/n-heptane RCCI engine experi-
ments of Førby et al. [12], which demonstrated both high combustion 
efficiency and a high ammonia energy share.

The table also provides other important information, including ve-
locity fluctuations (𝑢′0), domain width (𝐿), ignition delay time (𝜏𝑖𝑔), 
Reynolds number (𝑅𝑒0), integral length scale (𝑙0), and Kolmogorov 
length scale (𝑙𝑘).

Table  2 provides the mass fractions of species in the initial field, 
along with the laminar flame speed (𝑠𝐿), laminar flame thickness (𝛿𝐿), 
and laminar flame time scale (𝜏𝐿 = 𝛿𝐿∕𝑠𝐿) of the premixed am-
monia/air mixtures. These parameters are calculated under adiabatic 
planar flame conditions corresponding to the specified equivalence 
ratio, initial temperature, and pressure, using the same chemical kinetic 
mechanism and numerical solver as in the DNS. The equivalence ratios 
of the center n-heptane/ammonia/air mixtures range from 16 to 18.

The domain was discretized with a 10 μm mesh size, which is finer 
than the Kolmogorov scales (cf. Table  1). A mesh sensitivity test was 
performed on the 1D cases with 𝜙NH3

= 0.9. The tested mesh sizes were 
20, 10, 5, and 2.5 μm. Supplementary Materials S1 presents the spatial 
distribution of the mass fractions of NO and N2O at several critical 
instances of time, the flame front position of the lean premixed flame, 
as well as the temperature and heat release rate (Q̇) profiles at the lean 
premixed flame front at 3.5 ms. The results indicate that the species 
distribution and flame positions are well captured using the 10 μm mesh 
resolution.

2.4. DNS solver

The open-source computational fluid dynamics (CFD) software
OpenFOAM is used in this study. The DNS solver, referred to as 
reactingDNS but with a specific implementation of transport properties, 
supports differential diffusion [35,36]. For spatial discretization, the 
finite volume method with a second-order scheme is employed, while 
the implicit second-order Crank–Nicolson scheme is utilized for time 
integration.

The detailed transport properties are calculated using the logarithm 
polynomial fitting method, and the mixture-average model is applied 
to compute the mixture transport properties. A skeletal ammonia/n-
heptane reaction mechanism [37], consisting of 69 species and 389 
reactions, is used to simulate the chemical reactions. This mechanism 
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Table 1
Case setup and key parameters. 𝑅𝑒0 = 𝑢′0𝑙0∕(𝑠𝐿𝛿𝐿); 𝑙𝑘 = 𝑙0∕𝑅𝑒

3∕4
0 . 𝑠𝐿 and 𝛿𝐿 are laminar flame speed and flame thickness, respectively.

 Case 𝜙NH3
𝑢′0 (m/s) 𝑢jet (m/s) 𝐿 (mm) 𝛿/𝐿 𝑅𝑒0 𝑙0 (mm) 𝑙𝑘 (μm) 𝜏𝑖𝑔 (ms) 

 L03/05/07/09 0.3/0.5/0.7/0.9 – – 1.28 0.1 0 – – 0.89  
 H09 0.9 1.1 0 1.12 0.114 57 0.5 24 0.82  
 J09 0.9 1.1 10 1.12 0.114 57 0.5 24 0.98  
Table 2
Key parameters of the central n-heptane stream and the ambient premixed ammonia/air stream in the 1D and 3D cases. 
𝜏𝐿 = 𝛿𝐿∕𝑠𝐿 is the time scale of the laminar premixed ammonia/air flame. 𝑌f ,C7H16

= 0.5 for all cases. For 𝜙NH3
= 0.3 and 0.5 

cases, the value of 𝑆𝐿 is too low to achieve a reliable numerical solution.
 𝜙NH3

𝑠𝐿 (m/s) 𝛿𝐿 (μm) 𝜏𝐿 (ms) 𝑌a,NH3
𝑌a,O2

𝑌a,N2
𝜙f 𝑌f ,NH3

𝑌f ,O2
𝑌f ,N2

 
 0.3 – – – 0.048 0.224 0.729 16.0 0.024 0.112 0.365 
 0.5 – – – 0.077 0.217 0.706 16.7 0.038 0.109 0.353 
 0.7 0.163 53.8 0.331 0.104 0.210 0.686 17.4 0.052 0.105 0.343 
 0.9 0.237 40.6 0.171 0.130 0.204 0.666 18.1 0.065 0.102 0.333 
Fig. 2. 3D volumetric lighting of heat release rate in the mixing layer at 𝑡 = 0.9 ms for Case H09 and 𝑡 = 1.0 ms for Case J09.
has been extensively validated, demonstrating good agreement with 
experimental results for ignition delay time (IDT) and laminar flame 
speed across a range of relevant conditions.

The choice of OpenFOAM was primarily motivated by the need 
for flexibility, as the authors are also conducting combustion model-
ing research within the same framework. OpenFOAM offers a conve-
nient platform for switching between tasks and integrating customized 
functionalities.

However, it should be acknowledged that OpenFOAM is limited to 
second-order numerical schemes, which necessitates fine mesh resolu-
tion in DNS. Alternative platforms such as S3D [38], the Pele Suite [39] 
(also based on a second-order scheme), NGA [40], and SOD2D [41] of-
fer high-order numerical methods or adaptive mesh refinement (AMR), 
which can improve accuracy and efficiency.

3. Results and discussion

Fig.  2 presents a 3D visualization of the heat release rate (HRR) 
shortly after the onset of ignition for the two 3D cases. Here, 𝑡 = 0 de-
notes the initial time of the simulation. For Case H09, thin heat release 
layers are observed, characterized by wrinkled planar structures. In 
contrast, for Case J09, the heat release zones are highly fragmented and 
concentrated in thin filamentary strips. The HRR distributions illustrate 
the different ways in which reactions progress between these two cases.

The results are sampled during the ignition process at a time in-
stance when a significant temperature rise is observed in certain regions 
4 
of the computational domain. To provide further insight, Figs.  3 and
4 show the distributions of temperature, HRR, and ammonia mass 
fraction for Cases H09 and J09 in the 𝑧 = 0 cross-section at various 
instances of time.

Several observations can be made from Fig.  3. First, it is evident 
that the onset of ignition occurs in the mixing layer where large-
scale vortices are formed; see 𝑡 = 0.8 to 1 ms. The mixture in the 
premixed ammonia/air region exhibits low reactivity, making auto-
ignition difficult. Similarly, the mixture in the center of the jet has a low 
temperature (475 K), which also hinders auto-ignition. Consequently, 
the onset of auto-ignition occurs in the mixing layer, where both 
temperature and reactivity are relatively high. Ignition is observed 
around 𝑍 = 0.17, where the local equivalence ratio (considering both 
ammonia and n-heptane fuels) is approximately 2.35.

Second, the HRR field at 𝑡 = 0.8 to 1.2 ms shows the develop-
ment of reaction zones, evolving from two layers to four layers. The 
two outer HRR layers propagate toward the premixed ammonia/air 
mixture, while the two inner HRR layers move toward the central 
n-heptane/ammonia/air mixture. Between the outer and inner HRR 
layers, the temperature is high (>2000 K), and ammonia is consumed, 
as observed at 𝑡 = 1.2 ms.

Third, from 𝑡 = 1.4 to 3.5 ms, it is evident that two new HRR layers 
form between the outer and inner HRR layers, resulting in six distinct 
thin HRR layers. The HRR in these two new layers is relatively low. 
During this time interval, the propagation of the outer HRR layers is 
relatively fast, while the inner HRR layers propagate more slowly. The 
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Fig. 3. Distribution of temperature, heat release rate (HRR), and ammonia mass fraction for Case H09 in the 𝑧 = 0 cross-section at various time instances.
two new low-HRR layers propagate outward, following the outer HRR 
layers.

As the jet velocity increases to 10 m/s, large-scale vortex formation 
is observed, significantly affecting the ignition process and the structure 
of HRR zones, as shown in Fig.  4 for Case J09. The ignition delay time 
increases from 0.82 ms in the 𝑢𝑗𝑒𝑡 = 0 case to 0.98 ms in the 𝑢𝑗𝑒𝑡 =
10 m∕s case. The ignition layer becomes more disturbed, transitioning 
from a wrinkled planar structure to highly twisted, thin filamentary 
strips, as illustrated in Figs.  2 and 4. From 𝑡 = 1.1 ms to 1.7 ms, the 
ignition kernels propagate within the mixing layer toward both the lean 
and rich sides of the mixtures. At 𝑡 = 1.7 ms, six HRR layers can be 
observed, with the inner HRR layers beginning to merge. By 𝑡 = 2.5 ms, 
the two inner HRR layers have already merged and disappeared after 
the complete consumption of oxygen in the center fuel-rich region, 
leaving four HRR layers remaining.

The ignition process, reaction layer structures, combustion modes, 
and emissions of NO and N2O are analyzed in greater detail below.

3.1. Ignition process

The ignition in both cases initially occurs within the mixing layer, 
where the combination of temperature and reactivity promotes the on-
set of chemical reactions. Chemical reaction pathway analysis, based on 
the employed mechanism [37], reveals that the n-heptane/ammonia/
air mixture in the mixing layer first undergoes low-temperature ignition 
5 
via the reaction sequence C7H16 → C7H15 → C7H15O2 → C7H14OOH 
→ OH; this pathway results in the formation of OH radicals, which 
subsequently react with fuels and combustion intermediates, leading 
to a modest amount of heat release and a corresponding temperature 
increase of approximately 100 K. This phenomenon, referred to in the 
literature as the cool flame, is primarily responsible for the negative-
temperature coefficient (NTC) behavior observed in n-heptane ignition 
under intermediate temperature conditions, typically in the range of 
700–900 K [42,43].

The effect of ammonia mass fraction in the ambient premixed am-
monia/air mixture on ignition in the mixing layer has been investigated 
in the 1D cases (L03 - L09). Under the current RCCI conditions, it 
is observed that the onset of cool flame or low-temperature ignition 
occurs within a time frame of 0.38 ms (for 𝜙NH3

= 0.3) to 0.75 ms (for 
𝜙NH3

= 0.9); this variation is attributed to the increased ammonia mass 
fraction in the ambient premixed ammonia/air mixture, which delays 
low-temperature reactions due to competing reactions where ammonia 
reacts with OH radicals, thus reducing the availability of OH for n-
heptane-related chemistry. A similar phenomenon has been reported in 
the literature [18,20,21]. More results and figures about the 1D cases 
are presented in Supplementary Materials S2 (Fig. S4).

Following the completion of the low-temperature ignition process, 
the system transitions into the high-temperature reaction regime, char-
acterized by the formation of hydrogen peroxide (H2O2) and subse-
quently an accelerated production of hydroxyl radicals (OH), leading 
to rapid heat release and a significant temperature rise.
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Fig. 4. Distribution of temperature, heat release rate (HRR), and ammonia mass fraction for Case J09 in the 𝑧 = 0 cross-section at various time instances.
It is found that during the low-temperature ignition phase, the OH 
mass fraction reaches approximately 10−5; in contrast, during the high-
temperature ignition stage, this value increases substantially to about 
2×10−3. The ignition delay time, as commonly defined, corresponds to 
the point at which 2% of the maximum OH intensity is reached [44] 
in OH-PLIF measurements. Under the present conditions, this criterion 
roughly corresponds to the moment when the temperature at the 
ignition site rises to 1500 K, at which point the OH mass fraction is 
approximately 2% of its maximum value (cf. Fig. S4 and the relevant 
text in Supplementary Materials S2). Consequently, the time required 
for the temperature to reach 1500 K has been adopted in this study as 
the metric for defining the ignition delay time. Using this definition, 
the onset of ignition occurs at approximately 0.82 ms and 0.98 ms for 
Cases H09 and J09, respectively; see Table  1. This demonstrates the 
impact of jet velocity on the ignition process.

Figs.  5 and 6 present the scatter plot of the mixtures in the mixing 
layer in the 𝜙 − 𝜒 coordinates for the two 3D cases, where 𝜒 is the 
scalar dissipation rate. Each dot in the figure represents a point in the 
mixing layer. Since multiple points can share the same values of 𝜙
and 𝜒 but exhibit different reaction progress, the maximum values of 
heptyl-peroxide mass fraction (𝑌C7H15O2

) or temperature at a given 𝜙
and 𝜒 are shown using the color bars. The scalar dissipation rate, 𝜒 , is 
defined as: 

𝜒 = 2𝐷∇𝑍 ⋅ ∇𝑍 (4)
6 
where 𝐷 is the mass diffusion coefficient of the mixture. 𝜒 represents 
the mixing rate between the cold n-heptane jet and the surrounding hot 
premixed ammonia/air mixture.

For the 𝑢𝑗𝑒𝑡 = 0 case (H09), shown in Fig.  5, it is observed that low-
temperature reactions occur at 𝑡 = 0.7 ms, primarily around 𝜙 ∼ 2 − 3
and at low 𝜒 values (𝜒 ∼ 0 − 75 1/s), as indicated by the presence of 
C7H15O2. At this stage, the temperature remains low. By 𝑡 = 0.8 ms, 
C7H15O2 has spread to richer mixtures with 𝜙 ∼ 2 − 4 and higher 𝜒
values, up to 𝜒 ∼ 0− 200 1/s. Around 𝜙 ∼ 2.5 and 𝜒 < 10 1/s, C7H15O2
is consumed, leading to a temperature rise approaching 1500 K. At 
𝑡 = 0.82 ms, this location reaches high-temperature ignition, with the 
local temperature reaching 1500 K (this figure is omitted for brevity). In 
summary, ignition in the mixing layer occurs at low scalar dissipation 
rates, with the most favorable 𝜙 value being approximately 2.5.

For the 𝑢𝑗𝑒𝑡 = 10 m∕s case (J09), shown in Fig.  6, low-temperature 
reactions occur similarly at 𝑡 = 0.7 ms, around 𝜙 ∼ 2 − 3 and at 
low 𝜒 values (𝜒 ∼ 0 − 200 1/s). By 𝑡 = 0.8 ms, the low-temperature 
reactions spread to much richer mixtures and higher 𝜒 values; however, 
the maximum temperature in the mixing layer remains below 1200 
K, and high-temperature ignition has not yet occurred. This indicates 
a longer interval between the onset of low-temperature reactions and 
high-temperature ignition for the 𝑢𝑗𝑒𝑡 = 10 m∕s case compared to the 
𝑢𝑗𝑒𝑡 = 0 case. At 𝑡 = 1 ms, the onset of high-temperature ignition is 
observed, as shown in Fig.  6, occurring around 𝜙 ∼ 3 − 4 and 𝜒 < 100
1/s, slightly richer than the low jet velocity case. At this time, however, 
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Fig. 5. Scatter plots of the maximum 𝑇  and YC7H15O2
 in the mixing layer in the equivalence ratio (𝜙) and scalar dissipation rate (𝜒) coordinates for Case H09 at two time instances 

around the onset of ignition.  (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
the cool flame has spread across most of the 𝜒 − 𝜙 space, highlighting 
the impact of jet velocity on the ignition process.

Fig.  7 shows the two-dimensional distribution of temperature, scalar 
dissipation rate, and mass fractions of OH and C7H15O2 in the 𝑧 =
0 cross-section at four time instances during the ignition process of 
Case J09, revealing the impact of jet-induced vortices on the ignition 
process. The onset of ignition is shown to be closely connected to the 
formation of vortices in the mixing layer. The ambient hot ammonia/air 
mixture is entrained by the vortex into the n-heptane jet core region. 
Within the vortex core, the scalar dissipation rate is low, which favors 
ignition reactions [45].

At 𝑡 = 1.0 ms, the vortex core, as shown in the zoomed region, 
exhibits a high mass fraction of C7H15O2, accompanied by a small 
amount of OH radicals and a mild temperature rise. By 𝑡 = 1.1 ms, this 
same vortex core undergoes high-temperature ignition, with C7H15O2
being consumed to form a high concentration of OH radicals and a rise 
in temperature, indicating a transition from a low-temperature ignition 
core to a high-temperature ignition core. At the edge of this ignition 
core, a thin layer of C7H15O2 is observed, representing the cool flame 
front propagating into the remaining vortex region, as shown at 𝑡 =
1.2 ms. The OH layer follows the C7H15O2 layer, indicating subsequent 
high-temperature ignition front propagation.

This process continues until the reaction front propagates into the 
ambient premixed ammonia/air mixture, with the remaining jet region 
being partially oxidized by the cool flames. Vortex roll-up significantly 
enhances the propagation of the ignition front, as also shown in Figs. 
3 and 4.

In summary, the ignition in the studied ammonia/n-heptane RCCI 
combustion cases occurs first in the mixing layer, and the most favor-
able equivalence ratio lies between 2 and 4. The mixing layer vortices 
play a crucial role in the ignition process, with ignition occurring at 
the vortex core, where the local scalar dissipation rate is minimal. 
The ignition core exhibits a temporal evolution, initially undergoing 
low-temperature ignition, followed by high-temperature ignition.
7 
The following section investigates the combustion modes and reac-
tion zone structures during the late RCCI combustion stage after the 
onset of ignition.

3.2. Reaction layers and combustion modes in the later stage of RCCI 
combustion

Fig.  8 shows the spatial distributions of HRR, temperature, and mass 
fractions of key species in the 𝑧 = 0 cross-section for Case H09 at 
𝑡 = 3.5 ms, illustrating the reaction zone structures and combustion 
modes in the later stage of RCCI combustion. As discussed earlier, 
in the later stage of RCCI combustion, six HRR layers can be identi-
fied, corresponding to three combustion modes: lean premixed flame 
(LPF), rich premixed flame (RPF), and diffusion flame (DF). The LPF 
corresponds to the outer HRR layers, propagates into the premixed 
ammonia/air mixture, and consumes ammonia while forming NO. The 
RPF corresponds to the low-temperature ignition of n-heptane, also 
known as the cool flame [35,42,43,46]. This process is associated with 
a slight increase in temperature and a small amount of heat release, as 
shown in Fig.  8.

The DF coincides with the isoline of the equivalence ratio of one, 
i.e., around the stoichiometric mixture. It separates the fuel-lean mix-
ture from the fuel-rich mixture, where oxidizers (such as remaining O2
and radicals like OH) in the post-flame zone of the LPF diffuse to the DF 
and react with the unburned fuels and combustion intermediates (such 
as H2) diffused from the fuel-rich mixture. In the DF, NO formed in the 
LPF reacts with combustion intermediates such as imidogen radicals 
(NH), nitrogen radicals (N), and hydrogen (H2) from the fuel-rich 
mixture. Notably, NO is nearly completely consumed in the DF.

The fuel-rich mixture between the DF and RPF contains an ad-
ditional reaction layer where ammonia undergoes oxidation, forming 
intermediate species such as H2. This layer is referred to as the rich 
ammonia oxidation layer (RAOL). In this reaction layer, there is no 
significant heat release. Between RAOL and RPF, there is a layer where 
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Fig. 6. Scatter plots of the maximum T and YC7H15O2
 in the mixing layer in the equivalence ratio (𝜙) and scalar dissipation rate (𝜒) coordinates for Case J09 at three time instances 

around the onset of ignition.  (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
NO and N2O are notably distributed. This layer is identified by the 
red isoline of 𝑌C7H16

= 0.12, indicating that the fuel is only partially 
oxidized.

To further investigate NO and N2O formation and consumption in 
the DF and RPF, several relevant species along the line 𝑥 = 0 in the 
𝑧 = 0 plane for Case H09 at 𝑡 = 3.5 ms are shown in Fig.  9a. The 
NO/N2O reaction rates along this line are shown in Supplementary 
Materials S3, Fig. S5. In the RPF, the temperature is lower than 1500 K. 
The low-temperature reaction of n-heptane involves the formation and 
consumption of C7H15O2, leading to a moderate temperature rise. NO is 
primarily formed through the reaction H + NO2 → NO + OH in the RPF 
and the adjacent region, where local peaks of NO and N2O are observed. 
Once produced, NO is consumed via reaction NO + HO2 → OH + NO2, 
forming nitrogen dioxide (NO2). In the same region, N2O is generated 
through the reaction NO2 + NH2 → N2O + H2O and is subsequently 
consumed in the reaction H + N2O → OH + N2. In the RAOL, the 
above-discussed reactions reach partial equilibrium, resulting in low 
concentrations of NO and N O.
2

8 
In the DF, NO produced at the LPF is consumed through the re-
actions NO + N → N2 + O, NO + H2 → HNO + H, and NO + NH →
N2O + H. The species N, NH, amidogen radical (NH2), and H2 originate 
from the oxidation of NH3 in the RAOL. As for N2O, its formation and 
consumption reactions balance each other in the DF, leading to a partial 
equilibrium state in which N2O remains at a low concentration.

The impact of jet velocity on the flame structures and combustion 
modes is visualized in Fig.  10. Notably, at 𝑡 = 3.5 ms, the RPF has 
disappeared, leaving only the LPF, DF, and RAOL remaining in the 
domain. The jet-induced large-scale vortices and turbulence signifi-
cantly enhance the mixing of the fuel-rich mixture with the fuel-lean 
mixture, causing the DF location to shift further into the fuel-lean 
mixture compared to Case H09. The RPF propagates much faster, and 
eventually, the two RPF layers merge with each other and disappear 
from the domain. The propagation of the LPF is less significantly 
affected by the jet since the LPF is far away from the jet mixing layer. 
However, due to the faster propagation of the DF, the LPF and DF are 
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Fig. 7. Temporal evolution of the temperature (T), scalar dissipation rate (𝜒), mass fractions of C7H15O2 and OH in the 𝑧 = 0 cross-section during the ignition process for Case 
J09. A magnified box region highlights the ignition kernel.

Fig. 8. Distribution of HRR and species mass fractions at 𝑡 = 3.5 ms for Case H09. HRR layers are marked with black dashed lines in species fields. 𝑌C7H16
= 0.12 contours, which 

mark layers with NO and N2O formation near RPF, are colored in red for reference.  (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
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Fig. 9. Distribution of heat release rate (HRR) and species mass fractions at 𝑡 = 3.5 ms along the line 𝑥 = 0 and 𝑧 = 0 for Cases H09 (a) and J09 (b).
located much closer to each other. Consequently, the high-NO region 
is smaller, as the jet enhances NO consumption reactions.

In the fuel-rich zone (between the two DF layers), a significantly 
higher concentration of N2O is observed compared to the no-jet case 
(H09) at 𝑡 = 3.5 ms. The formation of N2O in this region originates 
from the cool flames at earlier times, through the reaction NO2 +
NH2 → N2O + H2O, while its consumption is negligible, cf. Figs. S7 
and S8 in Supplementary Materials S4. The N2O formation reaction 
is enhanced when more NH3 is entrained into the n-heptane region, 
resulting in a higher accumulation of N2O in the domain. At 𝑡 =
3.5 ms, as shown in Figs.  9b, 10, and Fig. S6, the temperature in this 
region remains relatively low, and there is insufficient oxygen around. 
Consequently, the mixture is nearly chemically frozen, preventing the 
further consumption of N2O, leading to its sustained high concentration 
in the later stages.

It should be noted that the pathway analysis presented here may 
be specific to the chemical kinetics model employed in this study [37]. 
Numerical studies using other chemical kinetics models, such as those 
developed by Alekseev et al. [47] and Wang et al. [48], exhibit similar 
overall trends in the simulations for case L09, although variations in 
quantitative results and the details of individual elementary reactions 
do exist. These discrepancies do not affect the conclusions drawn in 
this study. Additional discussion can be found in the final section of 
the Supplementary Materials.
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3.3. Propagation of LPF

The back-support of n-heptane on the propagation of the LPF front is 
analyzed. The displacement speed of the LPF, defined at the iso-surface 
of the reaction progress variable 𝑐 = 1 − 𝑌O2

∕𝑌𝑎,O2
= 0.5, is used to 

characterize the propagation of the LPF, where 𝑌𝑎,O2
 is the mass fraction 

of O2 in the ambient mixture, cf. Table  2: 

𝑆𝑑 =
𝜕𝑌O2

∕𝜕𝑡 + 𝒖 ⋅ ∇𝑌O2

|∇𝑌O2
|

(5)

where 𝒖 is the velocity vector at the iso-surface 𝑐 = 0.5. For comparison 
with the corresponding laminar flame speed of a 1D freely propagating 
flame, 𝑆𝑑 is normalized with the density ratio 𝜌∕𝜌𝑢, 

𝑆𝐿 =
𝜌
𝜌𝑢

𝑆𝑑 (6)

where 𝜌 is the density at the iso-surface 𝑐 = 0.5, and 𝜌𝑢 is the density 
of the unburned premixed ammonia/air mixture.

Fig.  11 shows the joint probability density function (JPDF) of 𝑆𝐿
and 𝑍 at different time instances after ignition. The value of 𝑍 at the 
LPF front decreases with time as the LPF propagates into the ambient 
ammonia/air mixture. The mean value of 𝑆𝐿 (𝑆̄𝐿) decreases as 𝑍
decreases. When 𝑍 < 10−4, 𝑆̄𝐿 approaches the laminar flame speed 
of the ambient premixed ammonia/air mixture (𝑆𝐿,0), indicating the 
termination of the back-support effects. These back-support effects are 
limited to a short period of time—approximately 2 ms for Case H09 
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Fig. 10. Distribution of HRR and species mass fractions at 𝑡 = 3.5 ms for Case J09. HRR layers are marked with black dashed lines in species fields. 𝑌C7H16
= 0.12 contours, which 

mark layers with NO and N2O formation near RPF, are colored in red for reference.  (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
and 3 ms for Case J09. Compared to the 𝑢𝑗𝑒𝑡 = 0 case (H09), the 
𝑢𝑗𝑒𝑡 = 10 m∕s case (J09) exhibits a longer duration of back-support 
due to enhanced heat and mass transfer in the mixing layer and the 
wider spread of the mixing layer in the cross-flow 𝑦-direction. This is 
also evident in the faster spread of the DF in the 𝑦-direction for Case 
J09, as shown in Figs.  3 and 4.

The n-heptane stream influences LPF propagation through three 
physical and chemical mechanisms: (a) the mixing of the highly reac-
tive fuel, n-heptane, into the ammonia/air mixture, (b) the supply of 
heat, radicals, and intermediate species from the combustion in the DF, 
and (c) the enhanced turbulent mixing due to jet-induced turbulence 
and large-scale vortices in the mixing layer.

Before the onset of high-temperature ignition, n-heptane in the 
central jet region is transported by turbulence into the ambient ammo-
nia/air mixture, contributing to the first mechanism. A longer ignition 
delay in Case J09 results in increased mixing of n-heptane into the 
ambient mixture. After ignition and the formation of the LPF, RPF, and 
DF fronts (e.g., 𝑡 > 1 ms for Case H09 and 𝑡 > 1.2 ms for Case J09; 
cf. Figs.  3 and 4), the second mechanism comes into effect. The heat, 
radicals, and combustion intermediates are transported to the reaction 
zone of the LPF, enhancing reactions and thus accelerating flame prop-
agation. Additionally, turbulence and large-scale vortices in the mixing 
layer—the third mechanism—enhance the mixing of n-heptane with the 
ambient mixture and the transport of hot combustion intermediates and 
radicals to the LPF, further influencing its propagation speed. This is 
also the reason for the faster propagation of DF toward LPF discussed 
earlier and the longer back-support time of the J09 case.

The impact of the three mechanisms may be understood by compar-
ing the mean value of 𝑆𝐿 and the corresponding values of 𝑆𝐿 in the 1D 
Case L09 (𝑆𝐿,1) and the 1D freely propagating flame results with given 
Z values (𝑆𝐿,0). In the latter case, the initial mixture and temperature 
were set according to those in the mixing layer at specific values of 
𝑍. For both H09 and J09 cases, it is seen that 𝑆̄𝐿 > 𝑆𝐿,1 > 𝑆𝐿,0. 
𝛥𝑆𝐿,1 = 𝑆𝐿,1 − 𝑆𝐿,0 is attributed to the second mechanism, while 
𝛥𝑆 = 𝑆̄ − 𝑆  reflects the impact of the third mechanism. One 
𝐿,2 𝐿 𝐿,1

11 
may examine the relative impact of the three mechanisms by comparing 
𝛥𝑆𝐿,1∕2 with 𝑆𝐿,0.

It is clear that 𝛥𝑆𝐿,2 and 𝛥𝑆𝐿,1 are smaller than 𝑆𝐿,0, indicating 
that the first mechanism—the mixing of n-heptane into the ambient 
ammonia/air mixture before the onset of ignition—is the dominant 
mechanism enhancing LPF propagation in the earlier stage of the LPF 
propagation process.

The value of 𝑆𝐿 varies over a wide range at a given 𝑍, owing to 
the local flame curvature and strain rate. Fig.  12 shows the scatter 
plots of 𝑆𝐿 and curvature evaluated at the LPF fronts at 𝑡 = 3.5 ms. 
For both flames, 𝑆𝐿 is closely correlated with the curvature of the LPF 
front. When the wrinkled flame front is convex toward the burned side 
(negative curvature), the reaction zone of the LPF experiences increased 
heating, an enhanced concentration of radicals (e.g., OH), an enhanced 
heat release rate, and thereby an increased local displacement speed, 
𝑆𝐿. Conversely, when the wrinkled flame front is convex toward the 
unburned side (positive curvature), the local heat release rate and local 
displacement speed are suppressed. Similar effects of curvature on the 
HRR for ammonia/air premixed flames at atmospheric pressure have 
been reported by Yang et al. [49].

3.4. Emission characteristics of NO and N2O

Fig.  13 shows the temporal evolution of the normalized total HRR 
and the total masses of NO and N2O in the domain. Based on the results 
in Sections 3.1 and 3.3, four stages can be identified to describe the 
combustion and emission process: stage 1—the mixing stage before 
the onset of ignition; stage 2—the ignition stage, characterized by a 
rapid increase in HRR over time; stage 3—the back-supported flame 
propagation stage, characterized by a decreasing HRR over time; and 
stage 4—the LPF propagation stage.

Taking Case H09 as an example, a rapid increase in HRR is observed 
in Stage 2, starting around 0.8 ms, which is about the IDT of this 
case. The HRR peaks at approximately 1.2 ms, coinciding with the 
formation of four reaction layers: LPF and RPF (cf. Fig.  3). From 
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Fig. 11. JPDF of 𝑍 and 𝑆𝐿 at representative time instances for Cases (a) H09, and 
(b) J09. The red line (𝑆̄𝐿) represents the corresponding mean value of 𝑆𝐿 at a given 
𝑍. The dashed line (𝑆𝐿,1) represents the corresponding values of 𝑆𝐿 at a given 𝑍 for 
Case L09. The solid circles (𝑆𝐿,0) indicate the laminar flame speed of 1D planar freely 
propagating flames in n-heptane/ammonia/air mixtures at the given 𝑍. Each JPDF plot 
includes two contour levels: the outer contour encompasses 80% of the simulation data, 
while the inner contour covers 40%.  (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Scatter plot of 𝑆𝐿 and curvature at 𝑡 = 3.5 ms for Cases H09 and J09.
12 
Fig. 13. Temporal evolution of (a) total heat release rate (HRR), (b) total mass of 
NO, and (c) total mass of N2O in the domain. The total HRR is normalized by the 
initial total energy of the fuels in the domain, while the NO and N2O emissions are 
normalized by the initial mass of NH3 in the domain.

1.2 ms to 2 ms, the HRR decreases over time due to the diminishing 
influence of n-heptane on the back-supported flame propagation in 
Stage 3, as discussed in the previous section. After 2 ms, in Stage 4, the 
unsupported LPF propagates through the ambient ammonia/air mixture 
at a relatively constant speed, resulting in a nearly constant HRR.

After 1.2 ms, in Stages 3 and 4, the mass of NO in the domain 
increases monotonically as the LPF propagates into the ambient am-
monia/air mixture. As shown in Fig.  8, NO is primarily formed in the 
LPF and consumed at the DF, resulting in the accumulation of NO in 
the region between the LPF and DF. The rapid and monotonic increase 
in NO emissions within the domain is attributed to the fast propagation 
of the LPF and the slow propagation of the DF, which is governed by 
turbulence eddy motion in the mixing layer.

The total mass of N2O in the domain exhibits a rapid increase during 
Stage 2 (the ignition stage). Thereafter, it remains nearly constant. 
As shown in Fig.  8, N O in Case H09 distributes in a thin layer at 
2
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the LPF and a relatively thick layer near the RPF, where ammonia 
in the fuel-rich mixture is partially oxidized, leading to the formation 
of combustion intermediates including N2O. In LPF, N2O primarily 
acts as an intermediate product during ammonia combustion, with its 
distribution in a narrow region closely following the LPF. As a result, 
LPF contributes minimally to net N2O emissions. The net increase in 
N2O emissions is mainly attributed to the RPF (cool flames) in the 
fuel-rich mixtures (see Supplementary Materials S4 for details). Given 
that the cool flames spread rapidly during the ignition and early back-
support stages, N2O emissions rise sharply in these phases but undergo 
slow oxidation thereafter.

The impact of turbulence on heat release, NO, and N2O emissions 
can be analyzed by comparing the 1D case (L09) and the 3D case (H09). 
The 1D case (L09) exhibits HRR and NO and N2O profiles similar to 
those of Case H09. However, the HRR and NO formation rates in the 
1D case are significantly lower than in Case H09. This difference is 
attributed to both the higher local displacement speed, as shown in 
Fig.  11, and the highly wrinkled LPF front in the 3D case, cf. Fig. 
8, which enhances ammonia consumption and consequently increases 
HRR and NO formation at the LPF. The formation of N2O primarily 
occurs in the cool flames during the ignition stage. The difference in 
N2O formation between Cases L09 and H09 is relatively minimal and 
remains consistent throughout the later stages of combustion.

The impact of jet velocity on heat release and emissions of NO and 
N2O is significant. Comparing the 𝑢jet = 10 m∕s case (J09) with the 
𝑢jet = 0 case (H09), the peak HRR is higher, and the back-supported 
flame propagation stage (Stage 3) of Case J09 is delayed with a longer 
duration, as discussed earlier. The emissions of N2O are also notably 
higher. As shown in Fig.  10, the formation of N2O at the LPF remains 
confined to a thin layer, similar to that in the 𝑢jet = 0 case. However, 
in the fuel-rich region, where partial oxidation of NH3 occurs, the N2O
formation layer (at the cool flames) is significantly broader in the 𝑢jet =
10 m∕s case. Differing from the no-jet case (H09), Case J09 exhibits a 
decrease in N2O during the later stage of combustion (𝑡 > 1.5 ms). This 
decrease is attributed to the N2O consumption reaction H + N2O → OH
+ N2 in the RAOL, cf. Fig.  9b and Fig. S6.

The formation of NO in the 𝑢jet = 10 m∕s case is faster in Stage 2 
due to the propagation of the ignition kernels, as reflected in the higher 
peak HRR at the end of Stage 2. Thereafter, NO emissions increase 
over time but at a slower rate compared to the 𝑢jet = 0 case. This is 
primarily due to the enhanced turbulence mixing, which accelerates 
the propagation of the DF layer toward the ambient mixture, leading 
to a faster consumption of NO at the DF.

3.5. Discussions

It is worth noting that the 3D DNS simulations in this study are 
limited to a specific operating condition (𝜙NH3

= 0.9), utilize only one 
chemical kinetic mechanism [37], and are performed within a highly 
customized domain without accounting for compression effects due to 
computational constraints. While the major findings are expected to 
be representative and broadly applicable, these limitations should be 
clearly acknowledged.

Multi-layer flame structures are anticipated to arise under a broader 
range of conditions with varying 𝜙NH3

. However, leaner mixtures 
(lower 𝜙NH3

) are expected to result in slower flame propagation, 
necessitating increased support from C7H16 in such cases.

The underlying physics is expected to remain consistent across a 
wider range of operating conditions with different ambient ammo-
nia/air 𝜙NH3

 values. Even when alternative reaction mechanisms are 
employed, the same fundamental phenomena should emerge, although 
quantitative details may vary. For instance, NO is expected to form 
between the LPF and DF regions regardless of the mechanism used, 
although peak concentrations may differ.

To extend these findings to more realistic scenarios, compression 
effects must be incorporated. It is anticipated that the thermophysical 
13 
processes in a realistic constant-volume chamber will resemble those 
observed in the current constant-pressure simulations, at least during 
the early stages of the RCCI combustion process. However, as the LPF 
propagates and generates significant heat, auto-ignition of the ambient 
ammonia/air mixture may occur once pressure and temperature rise 
sufficiently due to compression. These aspects will be investigated 
further in our future research.

4. Concluding remarks

This study presents a detailed numerical investigation of ignition, 
reaction modes, and NO/N2O emissions in ammonia/n-heptane com-
bustion under RCCI engine conditions. The DNS configuration consists 
of a temporally evolving jet, where cold n-heptane is injected into 
a hot, premixed ammonia/air ambient with a temperature of 900 K 
and a pressure of 60 bar. The results reveal various reaction layers 
and combustion modes, including ignition, cool flames, back-supported 
premixed flame propagation, freely propagating premixed flames, and 
diffusion flames. The interactions between different reaction layers 
affect the formation and consumption of NO and N2O. The findings 
provide insights into combustion processes and NO/N2O emissions 
in diesel/ammonia RCCI engines. In more detail, the following con-
clusions are drawn and categorized into the ignition, reaction zone 
structure and combustion modes, back-supported flame propagation, 
and NO/N2O emissions.

Ignition. The onset of ignition occurs in the mixing layer of the am-
bient ammonia/air and n-heptane streams. The most favorable mixture 
for ignition is located in the core of the vortex, where the scalar dissipa-
tion rate is low. Ignition begins with n-heptane low-temperature igni-
tion reactions and, after a short time, transitions to high-temperature ig-
nition reactions. The jet-induced vortex and turbulence have the effect 
of delaying the transition from low-temperature to high-temperature ig-
nition, thereby prolonging the ignition process. Additionally, the equiv-
alence ratio of the ambient ammonia/air mixture influences the onset 
of both low-temperature and high-temperature ignition—the ignition 
is further delayed as the equivalence ratio of the ambient ammonia/air 
mixture increases.

Reaction zone structure and combustion modes. Multiple re-
action layers exist in the later stages of n-heptane/ammonia RCCI 
combustion. These layers correspond to the LPF, RPF, DF, and RAOL. 
The LPF propagates into the ambient ammonia/air mixture, playing 
a critical role in combustion efficiency in RCCI combustion. The RPF 
propagates into the rich n-heptane/ammonia/air mixture due to the 
low-temperature ignition of n-heptane, known as the cool flame. In 
the RAOL, ammonia remaining from the RPF is oxidized, forming 
combustion intermediates such as H2, NH2, and NH. At the DF, these 
combustion intermediates are further oxidized by oxidizers left from 
the LPF.

Back-supported flame propagation. The back-supported LPF
propagation is driven by three primary physical and chemical mech-
anisms: (1) the mixing of highly reactive n-heptane with the ammo-
nia/air mixture, (2) the transfer of heat, radicals, and intermediate 
species from combustion in the DF, and (3) enhanced mixing driven 
by jet-induced turbulence and large-scale vortices in the mixing layer. 
As the LPF moves further into the unburned ammonia/air mixture, 
the back-support effect weakens, causing its propagation speed to 
approach that of a homogeneous mixture. The back-support effect can 
be enhanced by increasing the n-heptane jet velocity.

NO/N2O emissions. The formation of NO in ammonia/n-heptane 
RCCI combustion primarily occurs in the LPF, while its consumption 
takes place in the DF. N2O is formed primarily in the cool flames 
in the fuel-rich mixtures. As the n-heptane jet velocity increases, the 
enhanced vortex and turbulence improve the mixing of the rich n-
heptane/ammonia/air mixture with the ambient ammonia/air mixture. 
This leads to a faster propagation of the DF toward the LPF, accelerating 
NO consumption and reducing NO emissions. However, a higher n-
heptane jet velocity causes delayed ignition and greater entrainment 
of ambient ammonia into the n-heptane region. This enhances N2O 
formation in the fuel-rich mixtures, leading to increased N O emissions.
2
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