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Abstract 
Decarbonizing internal combustion engines (ICEs) requires the use of fuels produced from renewable energy, 

with easy storage and characterized by a combustion process with zero carbon dioxide (CO2) emissions. Ammonia 

(NH3) perfectly fits all these requirements. However, its use as fuel for ICEs calls into question many of the 

consolidated aspects related to ignition and flame propagation processes studied during the last decades. NH3 

differs from conventional hydrocarbon fuels for a higher minimum ignition energy and auto-ignition temperature, 

as well as for a lower combustion speed and energy density. Experimental investigations carried out in both metal 

and optical engines proved the feasibility of NH3 operation as pure fuel in spark-ignition (SI) engines or in 

reactive-fuel pilot-ignition (RFPI) engines with a pilot injection of a high-reactivity fuel. In this work, 

computational fluid dynamics (CFD) methodologies consolidated with conventional fuels are applied to simulate 

a selection of operating points on such experiments. The flame area model (FAM) from Weller is employed for 

the SI operation, while the tabulated well-mixed (TWM) model is used for the RFPI mode. The effects from a 

NH3-air dilution, a spark-timing advance and an increase in injection duration are studied to identify the main 

challenges related to the NH3 combustion modelling in ICEs. The results show that numerical models capture the 

measured trend of spark-timing and injection duration variations at both stoichiometric and lean NH3-air mixtures. 

However, for the SI mode, aspects such as the laminar-to-turbulent transition stage and the heat release rate 

dependency on the ignition time require further modeling improvements. Similarly, for the RFPI mode, the auto-

ignition delay of the dual-fuel mixture and the turbulent flame speed are numerically underestimated. Therefore, 

all these aspects represent challenges that need to be addressed in CFD models to improve NH3 ignition and 

combustion prediction. 
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Introduction 
The ongoing energy transition process towards 

renewable and zero-carbon emissions sources 

demands a rapid evolution of the internal 

combustion engine (ICE) technology, which has 

been optimized for fossil fuels usage during the last 

decades.  Considering that chemical energy storage 

represents the most flexible and robust mechanism 

to store energy [1], ICEs are expected to be crucial 

for both power generation and hard-to-abate 

transportation sectors, like trucks and ships. 

In this context, ammonia (NH3) represents an ideal 

candidate as fuel for ICEs. It is carbon-free, it can be 

easily stored and delivered as liquid at ambient 

temperature and low pressure (8 bar) in an existing 

infrastructure, and its production process can be 

entirely based on renewable power sources [2]. 

Several experimental studies demonstrated the 

feasibility of NH3 operation in ICEs. Lhuillier et al. 

[3] tested pure NH3-air premixed combustion in a 

retrofitted spark-ignition (SI) gasoline engine with a 

moderate compression ratio (10.5), observing low 

cyclic variability and power outputs like those 

obtain with methane (CH4), if near-stoichiometric 

lean operations are selected. Therefore, despite the 

low laminar burning velocity, pure ammonia 

combustion is assumedly mainly driven by the 

ignition kinetics and the flame response to 

turbulence. Jespersen et al. [4] investigated the 

effects of spark energy and discharge characteristics 

on the lean-burn characteristics of NH3 in a 

premixed SI research engine, observing how 

combustion stability is sensitive to ignition system 

choice and spark timing. To promote ammonia 

ignition and combustion, several strategies have 

been tested. A multiple spark-plug approach was 
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studied by Uddeen et al. [5], resulting in a reduced 

combustion duration and higher engine power 

output. The spark-assisted compression ignition 

(SACI) mode was explored by Mounaïm-Rousselle 

et al. [6] and Reggeti et al. [7], where the premixed 

NH3-air charge is first ignited by a spark, then auto-

ignition is promoted in the end-gas by flame 

expansion and high compression ratios (up to 18). 

The observed burn process was significantly faster 

than a traditional turbulent flame propagation, which 

allowed to extend the engine operating range, 

especially at low loads.  

The addition of hydrogen (H2) as combustion 

promoter was also tested [8], showing that H2 

enrichment enhances the NH3 combustion efficiency 

and helps reducing its exhaust concentration. 

However, optimal H2 enrichments around 10-20% 

by volume are required [9, 10], hence a significant 

H2 quantity needs to be supplied by a storage tank or 

reformed onboard from ammonia [11, 12]. 

A promising technique to enhance the ignition 

kinetics of NH3 engines demonstrated to be the 

reactive-fuel pilot-ignition (RFPI) mode. This 

strategy exploits the high NH3 auto-ignition 

temperature and consists in a compression-ignition 

of a small quantity of a high-reactivity liquid fuel, 

injected into a NH3-air charge. This method is 

extremely favorable for the abatement of carbon-

based emissions from large-bore maritime engines 

applications, where a significant ignition energy is 

required [13]. Dupuy et al. [14] investigated the 

RFPI operation on a single-cylinder metal engine 

over a wide range of NH3-air equivalence ratios, 

testing different durations and energy fractions of a 

diesel pilot injection. They demonstrated that 

minimizing the diesel amount of the pilot injection 

does not guarantee the minimal carbon footprint, 

while a combined optimization between the diesel 

energy fraction and the premixed NH3-air 

equivalence ratio is required.  

Other experimental studies on ammonia RFPI-like 

operation with diesel injection are available in the 

literature, attempting to clarify combustion and 

emission characteristics. Hiraoka et al. [15] 

observed an elongation of the NH3-diesel ignition 

delay if the ammonia energy fraction is increased. 

Imamori et al. [16] compared the diesel-ammonia 

RFPI mode with the conventional diesel 

combustion, showing that increasing the NH3 energy 

fraction to 94% leads to a reduction of the 

greenhouse gas emissions by 82%. The effect of the 

diesel injection parameters was investigated by Liu 

et al. [17], who clarified how an increase of both 

injection pressure and timing enhanced the chemical 

reactivity of in-cylinder mixture, leading to a shorter 

ignition delay. Instead, Mounaïm-Rousselle et al. 

[18] and Mi et al. [19] studied the effect of splitting 

the diesel injection into two parts, a pilot and a main 

one. This strategy proved benefits in terms of diesel-

ammonia-air mixture reactivity, with a reduction of 

nitrogen oxides (NOx), carbon monoxide (CO) and 

unburned NH3 emissions. Zhang et al. [20] 

investigated the compression-ignition of ammonia 

by an injection of n-heptane in an optical, pent-roof, 

single-cylinder engine, in which tumble or 

combined swirl-tumble flows were tested. The 

optimization of fuel injection and flow arrangement 

demonstrated to yield high-efficient combustion 

process, maintaining NOx and NH3 emissions within 

reasonable levels. 

However, to enhance the understating of ignition 

kinetics, combustion evolution and emissions 

formation, computational fluid dynamics (CFD) 

analyses are needed to support the experimental 

activity available in the literature. Reliable CFD 

models and methodologies are crucial to properly 

describe the complex phenomena occurring in 

ammonia ICEs. Nevertheless, NH3 is characterized 

by different thermochemical properties with respect 

to conventional hydrocarbon fuels, such as: higher 

minimum ignition energy and auto-ignition 

temperature; lower combustion speed and energy 

density. Consequently, many consolidated aspects 

related to ignition and flame propagation processes, 

studied during last decades on hydrocarbon fuels, 

need to be assessed if ammonia is used. 

In this work, CFD approaches extensively used in 

the past to study combustion of conventional fuels 

[21–24] are here employed to simulate, on the same 

metal engine, the NH3 operation in both SI and RFPI 

modes. A conventional ignition system with a single 

spark-plug and diesel as high-reactivity fuel are 

employed, respectively. The flame area model 

(FAM) is chosen for the SI operation, while the 

tabulated well-mixed (TWM) model is used for the 

RFPI mode. Despite this work represents only the 

first step of a large-scale study, some critical aspects 

related to NH3 combustion modelling in ICEs are 

identified by investigating the effects from a NH3-

air equivalence ratio reduction, a spark-timing 

advance and an increase of injection duration. 

Therefore, specific challenges for current CFD 

approaches are pointed out and some improvements 

are also proposed. However, all these numerical 

deficiencies are urged to be addressed to achieve a 

more reliable modelling of NH3 combustion inside 

ICEs. 

Experimental configuration 
A DW10 four-cylinder light-duty engine, 

converted into a 0.5 l single-cylinder, is selected as 

experimental reference for the present study. Table 

1 reports its main geometrical features, while all 
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details of the experimental setup are shown in Fig. 

1. All times are here reported in crank-angle degrees 

(°CA) after top dead center (aTDC) at which the 

combustion event occurs. The engine, characterized 

by a flat-head and a re-entrant piston bowl shape, 

can be operated alternatively with both SI and RFPI 

modes by replacing the central spark-plug with a 

direct injector (DI). Diesel is selected as high-

reactivity fuel for the RFPI operation. 

Experimental tests are conducted at a constant 

engine speed of 1000 rpm, measuring different NH3-

air equivalence ratios 𝜙 and ignition timings, in 

terms of spark-advance (SA) for the SI mode or 

duration of injection (DOI) for the RFPI mode. The 

start of injection (SOI) of diesel fuel is kept constant 

at -11 °CA. The measured operating conditions 

studied in this work are reported in Tables 2 and 3, 

respectively. The indicated mean effective pressure 

(IMEP) values are included as well. The amounts of 

diesel energy share 𝐸𝑑𝑖𝑒𝑠𝑒𝑙  of the total energy 

available inside the cylinder (NH3 + diesel) are also 

reported for each RFPI case in Table 3. As it can be 

observed, the small quantities of injected high-

reactivity fuel confirm the main feature of the RFPI 

operation, namely a premixed combustion of NH3 

and air which is triggered by the autoignition of a 

small diesel-NH3-air mixture. This differs from 

typical dual-fueling modes, where the non-premixed 

fuel can have a significant percentage of the total 

closed-valve energy share. 

 

Table 1. Single-cylinder engine features. 

 

A Kistler 6045A relative quartz pressure 

transducer, integrated with a LabView data 

acquisition system, is employed to acquire the in-

cylinder pressure with a resolution of 0.1 CAD. The 

temperature and pressure at both intake and exhaust 

manifolds are acquired by K thermocouples and 

resistive absolute pressure transducers, respectively. 

Ammonia fuel is stored in a tank as liquid and heated 

to be mixed in gas form with air. Brooks thermal 

flowmeters are employed to measure both NH3 and 

air flow rates. 

 
 

Fig. 1. Schematic of the experimental rig 

 

For the SI operation, the same spark-plug used in 

[3] is adopted, with a coil charging time set to 2 ms. 

A Bosch 7-hole common rail injector (CRI) is 

employed for the RFPI operation keeping the diesel 

injection pressure 𝑃𝑖𝑛𝑗  at 200 bar to ensure flexibility 

on the injection duration. For each operating 

condition, the average-cycle pressure trace is 

calculated from the record of 200 consecutives 

cycles of pressure data. For more details about the 

heat release rate calculation and the exhaust gases 

analysis, the reader is referred to [14, 3]. 

 

Table 2. SI mode: measured operating conditions. 

 

Table 3. RFPI mode: measured operating 

conditions. 

Numerical models 
3D-CFD numerical simulations are carried out 

with Lib-ICE, a software based on the OpenFOAM® 

technology and developed by the authors to simulate 

Feature Value 

Bore x Stroke (mm x mm) 85 x 88 

Conn. Rod length (mm) 141 

Engine speed (rpm) 1000 

Intake valve opening/closing   -117/344 °CA 

Exhaust valve    

opening/closing  

134/396 °CA 

Swirl ratio (50 CAD BTDC) 2.0 

Compression ratio (-) 16.42 

Ignition type SI or RFPI 

Main fuel NH3 

High-reactivity fuel Diesel 

Condition 
IMEP 𝝓 SA 

[bar] [-] [°CA] 

ER0.85-SA-24 6 0.85 -24 

ER0.85-SA-35 

ER1.00-SA-18 

ER1.00-SA-25 

6 0.85 -35 

7 1 -18 

7 1 -25 

Condition 

IME

P 
𝝓 DOI SOI 𝑬𝒅𝒊𝒆𝒔𝒆𝒍 

[bar

] 
[-] [𝝁𝒔] 

[°C

A] 
[%] 

ER0.85- 

DOI450 
7 0.85 450 -11 2.3 

ER0.85- 

DOI550 

ER1.00- 

DOI450 

ER1.00- 

DOI550 

7 0.85 550 -11 
4.6 

 

7.5 1 450 -11 2.0 

7.5 1 550 -11 4.1 
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gas-exchange and reacting processes inside ICEs 

[25–28]. Transport equations are solved with the 

Reynolds Averaged Navier-Stokes (RANS) 

approach, where turbulence is described with the 

standard 𝑘 − 𝜀 model. 

 

SI combustion 

The numerical approach selected to model the SI 

premixed combustion of the NH3-air mixture is 

shown by Fig. 2. The flame area evolution (FAE) 

model is employed for the reaction rate prediction, 

considering its success in simulating both CH4 and 

H2 premixed combustion [29–31]. The flame front 

propagation is modelled according to the following 

transport equation [32], 

 

𝜕𝜌𝑏̃

𝜕𝑡
+ ∇ ⋅ (𝜌𝑼̃𝑏̃) + ∇ ⋅ (𝜇𝑡∇𝑏̃) = 𝜌𝑢𝑆𝑢̃Ξ̃|∇𝑏̃| + 𝜔̇𝑖𝑔𝑛 

(1) 

where 𝑏 is the unburned mass fraction (or regress 

variable), 𝜌 and 𝜌𝑢 the mixture and unburned 

mixture densities, 𝑼 the mean flow velocity vector, 

𝑆𝑢 the laminar flame speed and 𝜇𝑡 the turbulent 

dynamic viscosity.  

 

 
 

Fig. 2. Numerical model for combustion 

prediction with SI mode 

 

A simplified deposition model is employed to 

mimic the ignition through the source term 𝜔̇𝑖𝑔𝑛 

[26], while the flame wrinkle factor Ξ includes the 

flame-turbulence interaction effect by means of the 

turbulent to laminar flame speed ratio (𝑆𝑡/𝑆𝑢). This 

phenomenon is modelled according to a one-

equation approach [32], 

Ξ = 𝑓 Ξ𝑒𝑞 = 𝑓 {1 −
𝑎4𝑏3

2

2𝑏1

 
𝐿𝑡

𝛿𝑙

+ [(
𝑎4𝑏3

2

2𝑏1

 
𝐿𝑡

𝛿𝑙

)

2

+ 𝑎4𝑏3
2  

𝑢′

𝑆𝑢

𝐿𝑡

𝛿𝑙

]

1
2

} 

(2) 

where a uniform Ξ value is assumed across the 

flame brush. The laminar-to-turbulent transition 

process, taking place after the ignition event, is 

included through the 𝑓 parameter according to [29, 

33], which provides a smooth variation of Ξ from 1 

(laminar flame) to its final equilibrium value Ξ𝑒𝑞  

(fully turbulent flame). The equilibrium wrinkle 

factor Ξ𝑒𝑞  is modelled according to Peters [34], 

where 𝛿𝑙 is the laminar flame thickness, 𝑢′ the 

turbulence intensity, while 𝑎4, 𝑏3 and 𝑏1 are model 

constants. 

The laminar flame speed 𝑆𝑢 and the chemical 

composition are retrieved from lookup tables, 

generated in the OpenSMOKE framework [35] 

through a series of 1D and homogeneous reactor 

calculations, respectively, by using the Stagni 

mechanism [36]. These computations are performed 

at different constant pressure, unburned gas 

temperature and equivalence ratio conditions. The 

chemical composition of any computational cell is 

computed from the mass fraction of chemical 

species in the burned 𝑌𝑏 and unburned 𝑌𝑢 state, and 

from the regress variable 𝑏, where 𝑌𝑏 value is 

recovered at equilibrium conditions. The details for 

the lookup table generation are available in [37]. 

 

 
Fig. 3. The tabulated well-mixed (TWM) model 

for combustion prediction with RFPI mode 

 

RFPI combustion 

The tabulated well-mixed (TWM) approach is 

selected to model the RFPI combustion operation 

[37]. The model schematic is reported in Fig. 3. The 

mixture fraction equations for each fuel 𝑍𝑖 (here 

𝑍𝑑𝑖𝑒𝑠𝑒𝑙  and 𝑍𝑁𝐻3
) are transported to consider the 

diesel-ammonia stratification, 

 
𝜕𝜌𝑍𝑑𝑖𝑒𝑠𝑒𝑙

𝜕𝑡
+ ∇ ⋅ (𝜌𝑼̃𝑍𝑑𝑖𝑒𝑠𝑒𝑙) − ∇ ⋅ (𝜇𝑡∇𝑍𝑑𝑖𝑒𝑠𝑒𝑙) = 𝑆̇𝑍𝑑𝑖𝑒𝑠𝑒𝑙

 

 

𝜕𝜌𝑍𝑁𝐻3

𝜕𝑡
+ ∇ ⋅ (𝜌𝑼̃𝑍𝑁𝐻3

) − ∇ ⋅ (𝜇𝑡∇𝑍𝑁𝐻3
) = 0 

(3) 

including the liquid diesel evaporation source 

term 𝑆̇𝑍𝑑𝑖𝑒𝑠𝑒𝑙
. KH-RT model is used as diesel spray 

break-up model, while n-heptane is selected as 
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diesel surrogate. The progress variable, defined 

according to [38], 

𝐶 = ∑ ℎ298,𝑖

𝑁𝑠

𝑖=1

𝑌𝑖(𝑡) − ∑ ℎ298,𝑖

𝑁𝑠

𝑖=1

𝑌𝑖(0) 

(4) 

is used to track of the combustion evolution and it 

is transported inside the computational domain by 

means of, 

 
∂ρ𝐶̃

∂𝑡
+ ∇(ρ𝑼̃𝐶̃) − ∇ (

μ𝑡̃

𝑆𝑐𝑡
∇𝐶̃) = ρ𝐶̇ 

(5) 

where 𝑆𝑐𝑡 is the turbulent Schmidt number, while 

𝐶̇ is the progress variable source term. To correctly 

capture the auto-ignition of the diesel jet in the 

ammonia-air mixture, a lookup table is generated by 

means of homogeneous constant-pressure reactor 

calculations performed in the OpenSMOKE 

framework [35]. The CRECK C1-C16 high-

temperature mechanism [39, 40] is selected to model 

the n-heptane-ammonia reaction kinetics. 

To this end, four control variables are employed - 

unburned gas temperature, pressure and the mixture 

fraction of the two considered fuels. The lookup 

table is generated according to [37], where also the 

progress variable reaction rate 𝐶̇ and the mixture 

composition 𝑌𝑖 are stored. 

Numerical setup 
The CFD simulations are carried out over the 

power-cycle only, from intake valve closing (IVC) 

to exhaust valve closing (EVC). Two different 

computational mesh grids are selected to study each 

ignition strategy (SI and RFPI) and their features are 

reported in Table 4. A 2D axisymmetric wedge 

domain is employed to model SI operation, thanks 

to the symmetrical properties of the flat cylinder 

head and the piston bowl. However, for the RFPI 

mode a 3D wedge domain representing 1/7 of the 

cylinder volume is used, because of the 7-hole diesel 

injector layout. 

 

Table 4. 3D mesh features used for each analyzed 

ignition strategies (SI and RFPI). TDC = top dead 

center; BDC = bottom dead center. 

 

 
Fig. 4. Computational mesh features showed over 

a top view and an axial 2D cut plane at the TDC. 

 

The SI and RFPI computational grids are 

characterized by similar internal features, as shown 

by Fig. 4, where the in-bowl and squish regions are 

also identified. A single boundary layer of 0.2 mm 

is used over all boundaries to ensure optimal 

operation of the wall functions (𝑦+ > 30), while a 

mesh refinement up to a 0.15 mm of cell side is 

applied in the squish area, to guarantee at least 8 

cells along the axial direction. The dynamic 

addition/removal of layers is employed to mimic the 

piston displacement. This technique has been 

extensively used and validated in previous works 

[41-44]. 

A 3D swirl motion and a homogeneous mixture of 

ammonia and air are assumed, with initial conditions 

at IVC estimated by a 1D model of the entire engine 

layout, in which the measured heat release rate 

(HRR) and heat losses are imposed. The agreement 

of the 1D computed in-cylinder pressure and both air 

and ammonia mass flow rates are verified against 

measurements. The first is shown in Fig. 5 where, 

taken as example condition ER0.85-SA-35 (see 

Table 2), the dynamics of the engine breathing are 

rather well captured in SI mode. The second 

comparison is reported in Fig. 6, where the 

maximum 1D-experimental discrepancy is lower 

than 3%. 

 

Feature 
SI 

mode 

RFPI  

mode 
U.o.M. 

Wedge angle 1 51.43 [°] 

TDC 

BDC 

Average cell  

side 

2.6 135.2 
[k 

cells] 

15 780 
[k 

cells] 

0.35 0.35 [mm] 
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Fig. 5. Condition ER0.85-SA-35 (see Table 2). 

Numerical 1D-experimental comparison of the 

average-cycle in-cylinder pressure trace. The grey 

shaded area represents the variability of the 200 

measured consecutive cycles. 

 

In this preliminary 3D analysis, the exhaust gases 

presence is neglected at IVC, as the results from 1D 

engine simulations showed low EGR amounts (≤
5%) for all conditions of Tables 2 and 3. Moreover, 

the estimated EGR value was consistent among all 

operating points, hence it is not expected to affect 

the main outcomes of this investigation.  

 
(a) 

 
(b) 

Fig. 6. Comparison between 1D simulations 

(Sym.) and measured values (Exp.) of air and NH3 

mass flow rates over the conditions of: (a) Table 2; 

(b) Table 3. 

 

Finally, for RFPI cases, a simple triangular-

shaped profile is imposed for the diesel injection 

process, ensuring that the total injected mass is 

consistent with the experimental value. 

SI mode: results and discussion 
3D-CFD simulations are carried out on the four 

operating conditions of Table 2. The computed 

results in terms of in-cylinder pressure and apparent 

heat release rate (AHRR) trends are reported in Fig. 

7 and compared against experimental measurements 

of the engine average-cycle.  

 
(a) 

 

 
(b) 

Fig. 7. SI mode: numerical-experimental 

comparison between pressure and apparent heat 

release rate (AHRR) evolutions inside the cylinder 

of the conditions in Table 2. The yellow squares 

and circles spot the AHRR values of instants 

analyzed in Fig. 8 top row and bottom row, 

respectively. The vertical dotted lines identify the 

spark-advance positions. 
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Focusing on the two cases operated at 

stoichiometric conditions (Fig. 7a), a satisfactory 

agreement is observed between computed results 

and measurements during the laminar-to-turbulent 

transition stage and the first part of the turbulent 

combustion development. The experimental trend 

produced by a spark-timing variation is properly 

captured by the simulations despite a slight 

underestimation of the transition stage duration. 

This can be probably caused by an electrical delay 

affecting the ignition system, which here is not 

considered in the numerical approach. 

Moving to the completion stage of the turbulent 

combustion inside the piston bowl (Fig. 7a, at 

AHRR peak values and near after), it can be 

observed that numerical results are strongly 

influenced by a variation of the spark-timing if 

compared to measurements. In fact, advancing the 

ignition event from -18 °CA to -25 °CA, the 

computed energy release rate from combustion 

inside the bowl does not increase similarly to the 

observed experimental trend (almost perfect match 

for SA-18°CA condition, underestimation for SA-

25°CA case). This probably produces a higher 

amount of unburned NH3 forced into the squish 

region for the SA-25°CA case, where a higher 

AHRR is observed after 20 °CA if compared to the 

experimental trace. 

The last combustion stage, which is characterized 

by the combustion inside the squish region, can be 

identified in Fig. 7a: 1) after the yellow square for 

the SA-25°CA case and 2) after the yellow circle for 

the SA-18°CA case. As is can be observed, such 

phase is affected by a light numerical overestimation 

of the AHRR for the SA-18°CA case and larger ones 

for the SA-25°CA case. 

This discrepancy could be affected by multiple 

aspects. The previous discussed higher amount of 

unburned NH3 in the squish region boosts the 

numerical overestimation of the SA-25°CA 

condition. Moreover, also the flame area extension 

during this stage could impact significantly, 

considering that typical low turbulence values are 

detected in the end-gas. 

 

 
(a)                                     (b) 

Fig. 8. SI mode, 𝜙 = 1: computed temperature 

distribution for conditions of Fig. 7a at the 

highlighted time instants with yellow squares (20 

°CA) and circles (30 °CA). The white line detects 

the flame front position (𝑏 = 0.5). 

 

Figure 8 shows the flame front position of the SA-

18°CA and SA-25°CA cases at 20 °CA and 30 °CA. 

These time instants are highlighted in Fig. 7a with 

yellow squares and circles, respectively. As it can be 

observed, when the ignition time is advanced, the 

flame front propagates inside the squish region with 

a narrow piston-head distance (Fig. 8b, top image). 

This produces a near annular flame area with a 

limited axial extension. Therefore, the energy is 

released slowly by the combustion process, until the 

flame hits the liner wall. On the contrary, with a 

delayed ignition time, the flame front is detected into 

the squish region when a wider distance is available 

between the piston and the cylinder head (Fig. 8a, 

bottom image). Consequently, a wider axial 

extension of the flame area is observed, with a 

consequent higher heat release rate and shorter 

combustion duration. 

The adopted combustion model, instead, seems 

not to affect the numerical prediction of this final 

combustion stage, because the flamelet assumption 

(on which the FAE approach relies) is valid for both 

SA-18°CA and SA-25°CA cases at the instants 

analyzed in Fig. 8. However, possible lower heat 

losses at walls and a flawed prediction of flow and 

turbulence fields inside the bowl can globally affect 

the computed results. Therefore, different thermal 

diffusivity wall functions should be tested in the 

future, as well as 3D gas-exchange simulations are 

needed to improve the accuracy of the IVC fields 

initialization. 

Similar observations and conclusions can be 

drawn for the two SI cases operated with a lean 

mixture (Fig. 7b) in terms of spark-timing effect. 
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Comparing Fig. 7a and Fig. 7b, the NH3-air mixture 

dilution effect is assessed. As it can be inferred, at 

lean conditions (Fig. 7b) the spark time influence is 

predicted consistently with the experimental 

observation, while its effect on the further turbulent 

combustion speed inside the bowl is significantly 

lower if compared to measurements. This 

discrepancy is not detected at stoichiometric 

conditions (Fig. 7a), where the numerical-

experimental agreement is stronger. Therefore, a 

global overestimation of the mixture dilution effect 

is provided by the numerical results. The main cause 

of this discrepancy could be attributed to a not 

accurate evolution of the flow and turbulence fields 

inside the piston bowl. Therefore, 3D simulations of 

the gas-exchange process are needed to clarify such 

aspects. 

RFPI mode: results and discussion 
The numerical analysis of the RFPI operation is 

carried out on the four measured operating 

conditions, reported in Table 3. As performed during 

the SI mode analysis, a comparison between 

computed results and experimental measurements in 

terms of in-cylinder pressure and apparent heat 

release rate (AHRR) trends is realized and included 

in Fig. 9. 

Analyzing the stoichiometric conditions (Fig. 9a) 

and focusing on the initial ramp-up of the AHRR 

traces, the experimental effect produced by a 

variation of the injection duration (DOI) is properly 

captured. In fact, the selected numerical model 

allows to properly predict the differences observed 

in the auto-ignition process when the DOI is reduced 

from 550 μs to 450 μs, which yields to a weaker and 

slower premixed combustion development. 

On the other hand, a slight numerical 

underestimation of the auto-ignition delay can be 

detected on both analyzed cases. This can be 

attributed to different causes. First, the accuracy of 

the numerical diesel injection profile, which should 

be improved to better replicate the experimental one. 

Second, the liquid spray is characterized by a 

possible too fast evaporation and mixing process, 

which requires the assessment of different break-up 

models. Third, the employed reaction kinetics 

mechanism, which perhaps does not properly predict 

the competition between C-reactions and N-

reactions for the radical pool in presence of high 

NH3 contents into reactants. 

 

 
(a) 

 
(b) 

Fig. 9. RFPI mode: numerical-experimental 

comparison between pressure and apparent heat 

release rate (AHRR) evolutions inside the cylinder 

of the conditions in Table 3. The yellow squares 

spot the AHRR values of the instant analyzed in 

Fig. 10. 

 

Advancing to the completion of the turbulent 

combustion stage inside the piston bowl (Fig. 9a, 

near the AHRR peak values), a general numerical 

underestimation of the energy released by the 

reactions is observed. In particular, the near-linear 

growth rate of the numerical AHRR during the fully 

turbulent stage (the 5-8 CAD interval for the 

DOI550 case, the 7-15 CAD interval for DOI450) is 

≈ 45% lower than the experimental one, for both 

investigated conditions. This can be justified by an 

underestimation of the experimental turbulent flame 

speed. The TWM model approach, used in this work 
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to predict the RFPI combustion mode, does not 

include the flame-turbulence interaction effect, 

which for NH3-air flames cannot be neglected. In 

fact, from optical measurements carried out in a 

constant-volume vessel at engine-like conditions, 

Lhuillier et al. [45] observed a turbulent-to-laminar 

velocity ratio which is almost doubled if NH3 is used 

in place of CH4. Therefore, the active flame front is 

underestimated, with a consequent weaker heat 

release rate. This statement is better clarified by Fig. 

10, where a flame evolving inside the piston bowl is 

observed for both DOI durations at 8 °CA 

(highlighted with yellow squares in Fig. 9a), when 

the numerical-experimental discrepancies start to be 

significant in terms of AHRR evolution. During this 

stage, the flame is widening its active surface, hence 

the neglected flame-turbulence interaction by the 

TWM model gradually increases its impact on the 

numerical results. 

 

 
(a)                                     (b) 

Fig. 10. RFPI mode, 𝜙 = 1, 8 °CA: computed 

temperature distribution for conditions of Fig. 9a at 

the highlighted time instant with yellow squares (8 

°CA). The white line detects the flame front 

position (normalized 𝐶 = 0.5). 

 

A quantitative estimation of the not-modelled 

flame-turbulence interaction, in terms of missing 

flame are increase, is not trivial. In fact, the flame 

front enhancement caused by this phenomenon 

depends on several magnitudes of the unburned 

mixture such as the turbulence intensity 𝑢’, integral 

length scale 𝐿𝑡, laminar flame speed 𝑆𝑢 and 

thickness 𝛿𝑙 (see Ξ𝑒𝑞  expression in Eq. 2). All these 

values are affected by the evolution in time of the 

flame front propagation, i.e. the higher the heat 

released by the flame front, the wider is the burnt gas 

volume, with the larger unburned mixture pressure 

and temperature. Therefore, this is an implicit 

problem, that can be solved only through 3D-CFD 

numerical simulations with an improved TWM 

model version. A preliminary proposal to embed the 

flame-turbulence interaction phenomenon inside the 

TWM model is described in the next paragraph. 

Concerning the last two RFPI cases, operated 

instead with a leaner NH3-air premixed mixture (Fig. 

9b), similar observations and conclusions to 

stoichiometric cases can be drawn. 

The NH3-air mixture dilution effect can be finally 

analyzed by comparing Fig. 9a and Fig. 9b. 

Observing the initial ramp-up of the AHRR traces, 

the experimental findings clearly exhibit a reduction 

of the auto-ignition delay of the diesel-ammonia-air 

mixture when the NH3 content is reduced. This 

advances the next premixed flame propagation, with 

higher in-cylinder peak pressures detected for both 

DOI values. The numerical model seems able to 

replicate such increased mixture reactivity in 

presence of a reduction of the ammonia energy 

fraction. In fact, both computed DOI cases are 

characterized by an increase of the in-cylinder peak 

pressure when the 𝜙 is reduced. Nevertheless, the 

slight numerical underestimation of the auto-

ignition delay, previously observed under a DOI-

only variation, here impacts on the quantitative 

numerical-experimental agreement. This results in a 

global underestimation of the 𝜙 impact, if compared 

to measurements. 

Improved TWM model: a preliminary 

proposal 
According to the results discussed for the RFPI 

mode, the employed version of TWM model 

exhibits limitations in predicting the experimental 

reaction rate during the fully turbulent combustion 

stage. The most convincing explanation is the not 

modelled enhancement of the flame front area 

caused by the turbulence stretch effect. 

A possible solution to this shortage is to include 

the FAE model approach (Eqs. 1 and 2), employed 

for the SI combustion, inside the TWM framework. 

Both equations are solved from the occurrence of the 

auto-ignition event. The heat released from the 

diesel-NH3 combustion is introduced into Eq. 1 

through the source term 𝜔̇𝑖𝑔𝑛, which can be modelled 

as,  
𝜔̇𝑖𝑔𝑛 = −𝜌𝑢𝑐̇         (6) 

Here, 𝑐̇ is the time variation of the normalized 𝐶 

field, which can be defined as, 

 

𝑐 =
𝐶−𝐶𝑚𝑖𝑛

𝐶𝑚𝑎𝑥−𝐶𝑚𝑖𝑛
                               (7) 

being 𝐶𝑚𝑖𝑛 and 𝐶𝑚𝑎𝑥 the progress variable values 

in the unburned and burned mixture, respectively. 

The laminar-to-turbulent flame transition is still 

modelled through the 𝑓 parameter of Eq. 2. When 

this evolution is completed (𝑓 = 1), the NH3-air 

premixed flame can be considered to be no more 

affected by the ignition process driven by the diesel 

pilot injection. Therefore, Eqs. 3, 4 and 5 can be 

disabled and the turbulent premixed combustion 
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evolution is fully handled by Eqs. 1 and 2, similarly 

to the approach used for the SI mode. 

Conclusions 
In this study, consolidated 3D-CFD approaches 

are used to model the premixed NH3-air combustion 

in both spark-ignition (SI) and reactive-fuel pilot-

ignition (RFPI) modes. The flame area model 

(FAM) is selected to predict SI operation, while the 

tabulated well-mixed (TWM) model for RFPI cases.  

A flat-head metal engine is chosen as experimental 

reference, where different NH3-air equivalence 

ratios and ignition timings are measured under 

constant engine speed. The objective of this work, 

which is the first step of a large-scale study, is to 

identify the most critical aspects related to the NH3 

combustion modelling in ICEs, pointing out the 

main challenges that urged to be addressed by the 

academical/industrial community. 

In SI mode, the employed numerical approach can 

predict the measured effect of a spark-timing 

variation, also in presence of an ammonia dilution. 

However, the following aspects require further 

improvements, 

a) Underestimation of the measured laminar-

turbulent transition stage duration. 

b) Weaker heat release rate from in-bowl 

combustion when the spark-timing is advanced. 

c) Overestimation of the heat release rate 

from in-crevices combustion when the spark-timing 

is advanced. 

If the first effect is probably caused by a not 

modelled electrical delay, the other two issues can 

be related to multiple aspects, like 1) a higher 

ammonia quantity is forced into the squish region; 

2) a limited flame area extension is observed when 

the ignition time is advanced, because of the narrow 

piston-head distance; 3) lower heat losses at the 

walls; 4) an inaccurate prediction of flow and 

turbulence fields inside the bowl (swirl motion is 

initialized at IVC). Therefore, to clarify such 

aspects, 3D simulations of the gas-exchange process 

are needed, as well as different thermal diffusivity 

wall functions should be tested. 

In RFPI mode, the applied numerical method 

demonstrated to capture the measured effect of a 

variation of the diesel injection duration, also when 

the ammonia content is reduced. However, 

challenges are represented by the numerical 

underestimation of, 

a) the auto-ignition delay of the diesel-NH3-

air mixture, and  

b) the turbulent flame speed observed from 

experimental findings. 

The first aspect can be caused by 1) low accuracy 

of the numerical diesel injection profile; 2) too fast 

evaporation and mixing process of the liquid diesel 

spray; 3) advancements required by the selected 

reaction mechanism. The second issue is probably 

related to the lack of the flame-turbulence 

interaction modeling, which can be solved by 

including flamelet-based approaches in the TWM 

model. To solve this last deficiency, a preliminary 

improvement of the TWM model has been proposed 

and it will be tested in a future work. 
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