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Ammonia (NH3) stands out as a promising candidate for fueling internal combustion engines, owing to its high hydrogen content and well-established production and transport infrastructure. Nevertheless, its inherently low flame speed and reactivity pose a significant challenge to achieving rapid and complete combustion. One potential solution is the use of multi-spark ignition, wherein multiple spark plugs distribute ignition sites throughout the combustion chamber, thereby accelerating flame propagation across the entire charge. In this study, a three-dimensional 3D-CFD model of multi-spark, spark-ignited NH3 internal combustion engine is developed and validated using optical engine experiments. The optical data provide critical insights into early flame kernel development, guiding refinements to two combustion submodels (SAGE and G-equation). Results underscore the importance of sufficiently refined mesh resolution—particularly near the spark plugs—and the incorporation of detailed spark plug geometries to accurately capture the early stages of ignition in low-reactivity fuels such as NH3. Overall, the close qualitative agreement between measured flame luminosity and simulated flame evolution demonstrates the robustness of the proposed CFD framework.
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1 INTRODUCTION
Meeting world energy demands relies primarily on the utilization of hydrocarbon fuels. The transport sector represents about 20% of total energy consumption, with road mobility accounting for 72% of this fraction Bilgen (2014). In the U.S., the transportation sector is the leading emitter of greenhouse gases EPA (2024). To achieve future international environmental goals, a mix of technologies has been proposed in recent years to reduce the overall fleet emissions. This can be accomplished either by enhancing engine efficiency or by utilizing alternative fuels with minimal carbon emissions. Ammonia ([image: image]) emerges as a promising candidate for direct application in internal combustion (IC) engines as a carbon-free fuel, benefiting from its high hydrogen content. The [image: image] production and transportation industry is well-established, reducing barriers for near-future deployment.
In the spark-ignited (SI) application, due to the high-octane number of [image: image], engines can operate at high compression ratios without abnormal combustion. However, a major challenge of [image: image] combustion in SI engines is its significantly slow flame speed, which limits the operation range. Tornatore et al. (2022) showed that a conventional solution to boost the flame speed is the use of blends with faster-burning fuels, such as hydrogen, thus enhancing burning rate and extending the operation range. Literature suggests a general consensus in the need of a combustion enhancer for the pure [image: image] SI engine combustion, such as hydrogen or methane, if the engine is required to operate in the entire load range with reduced variability and acceptable indicated efficiencies. Multiple studies have demonstrated that this effect may improve flame speed, combustion stability, while reducing unburned [image: image] emissions as summarized by El-Adawy et al. (2024). In general, power output similar to those of conventional gasoline engines may be achieved via co-optimization of engine design and operation strategies.
Additionally, different techniques for [image: image] combustion in IC engines was outlined by Chiong et al. (2021). They highlight that [image: image] may be dissociated to produce in situ hydrogen, reducing the barriers for deployment, such as system modification for multiple injectors and fuel storage systems, with a compatible catalytic converter; the in situ cracking of [image: image] can result in the same effect of hydrogen enrichment for reactivity boost. Mercier et al. (2022) reported a reduction in the mixture energy content when cracking the [image: image]. Additionally, it was shown that the overall system efficiency is inferior, especially when considering the required energy for dissociating the [image: image], although recent reports, summarized by Tornatore et al. (2022), demonstrate that the endothermic reactions for [image: image] cracking may be assisted by the recovery of the engine exhaust heat.
An alternative approach to increasing the burning rate in [image: image] combustion is the use of multiple spark plugs. Uddeen et al. (2023a); Uddeen et al. (2023b); Uddeen et al. (2023c) have investigated this technique, which enables multiple flame kernels to grow, collapse, and cover the entire combustion chamber quickly and stably, thereby improving efficiency and reducing variability. Their studies found that, compared to a single spark, the multi-spark ignition strategy increases in-cylinder pressure, shortens the combustion duration, and enhances engine stability due to the improved [image: image] fuel combustion rate. Furthermore, the coefficient of variation (COV) was significantly reduced from 19.58% with a single spark to 1.96% with multi-spark operation. Additionally, natural flame luminosity (NFL) imaging evaluation revealed a considerable boost in flame intensity and surface area.
Silva et al. (2023) conducted a computational fluid dynamics (CFD) assessment to determine the optimal engine operating conditions for achieving maximum efficiency with pure [image: image]. Their findings highlight the necessity of advancing the spark timing (ST) to maximize combustion efficiency. Moreover, the low reactivity of [image: image] resulted in poor combustion with elevated levels of unburned fuel, a problem further exacerbated at higher engine speeds where increased turbulence did not adequately compensate for the reduced residence time for combustion. The local flow analysis revealed that most of the combustion occurred in the corrugated flamelet regime, and the burning rate was dominated by the laminar flame speed, suggesting the need for fuel blending. Yang et al. (2023) proposed a chemistry model for pure [image: image] combustion, incorporating a decoupled approach for fuel [image: image] and thermal [image: image] formation. Subsequently, Huang and Liu (2024) expanded this model to investigate the acceleration of combustion via multiple sparks. Their findings showed an increase in the pressure rise rate while keeping it within safe limits. They reported a global enhancement in the burning rate and an improvement in fuel economy. Despite the advancements reported in these studies, discrepancies arise when comparing their results to our findings, particularly regarding flame topology. While the multi-spark technique demonstrated significant benefits, the variations in flame structure highlight the need for further investigation and refinement.
Building on the prior modeling experience, this study attempts to develop an improved computational fluid dynamics (CFD) simulation practices as a means to guide the development of successful [image: image] multi-spark SI engines. First, data from optical engine experiments are employed to validate a numerical model for the SI multi-spark [image: image] engine operation. An in-depth analysis of the multiple flame behavior is presented with comprehensive assessment of required mesh, heat transfer models, ST, and mixture composition. Two typically used combustion models (SAGE and G-Equation) are assessed, showing their feasibility for NH3 engine modeling when appropriately choosing the chemistry set and model constants; the optical engine results are further correlated with the turbulence-chemistry interaction captured in the CFD simulations. The extensive analysis leads to identifying best strategies in CFD engine modeling for predicting the complex [image: image] multi-flame interactions. By offering comprehensive modeling guidance for similar [image: image] engines, this study aims to pave the way for future optimization investigations within the research community.
2 OPTICAL EXPERIMENTS
The experiment was performed on a single-cylinder four-stroke optical research compression-ignition engine (AVL-5402), which was converted into SI engine conditions. An AVL PUMA automation system (V2012) was used to control and monitor the engine conditions. The combustion was initiated by four side spark plugs (ER8EH, NGK), which were equally spaced and installed around the circumference of a specialized metal liner labeled from SP 1 to 4, and another spark plug (C) mounted at the top of the cylinder head. Additionally, an AVL-GU22CK pressure transducer (T) was installed on the top of the cylinder head to record the in-cylinder pressure. A flat-quartz, extended Bowditch piston (Suprasil 2 grade B) was employed, as seen in Figure 1. To capture the flame images from below, a [image: image] UV mirror at the bottom side of the combustion chamber was placed. A high-speed Photron SA4 color camera was used to capture NFL images generated by flame propagation from different ignition sites. The camera was triggered at 36,000 frames per second to observe the flame propagation. The engine schematic and details of the engine parameters are presented in Figure 1; Table 1. This study numerically validated the results of the five-spark ignition “SP (1234C)” configuration at a ST of [image: image] CAD aTDC. Furthermore, the engine was consecutively operated for 200 firing cycles. A detailed description of the experimental setup and operating conditions can be found in Refs. Uddeen et al. (2023a); Uddeen et al. (2023b); Uddeen et al. (2023c).
[image: Figure 1]FIGURE 1 | a) Schematic of the setup, (b) bottom view of the combustion chamber arrangement, highlighting the multiple spark locations, and (c) flame front development patterns Uddeen et al. (2023a); Uddeen et al. (2023b); Uddeen et al. (2023c).
TABLE 1 | Engine specifications.
[image: Table 1]3 COMPUTATIONAL MODEL
3.1 Numerical configuration
The AVL optical engine was modeled and the numerical simulations were executed by the density-based finite volume CFD solver [image: image] 3.0 utilizing its multi-physics capabilities Richards et al. (2021). The computational domain is illustrated in Figure 2. The Reynolds-averaged Navier-Stokes (RANS) formulation was used with the RNG [image: image] closure model Han and Reitz (1995). Pressure-implicit with splitting of operators (PISO) algorithm was employed to couple pressure and velocity dynamics Issa et al. (1986). Wall heat transfer was modeled with the GruMo-UniMORE model developed by Berni et al. (2017). The Redlich-Kwong equation of state was used along with real gas properties and mixture-averaged diffusion coefficients. Turbulent Prandtl and Schmidt numbers were set as 0.9 and 0.78, respectively. The multi-zone well-stirred reactor (MZ-WSR), referred to as SAGE, combustion model was selected as a baseline combustion submodel, with the kinetic mechanism by Zhang et al. (2021). Furthermore, G-equation combustion model is assessed. The initial field variables were mapped from a prior simulation to replicate the effects of field initialization. The simulations began at −175 CAD and continued until 900 CAD, thereby covering a full cycle. Variable time-step algorithm was implemented with the minimum time step governed by the critical Courant-Friedrichs-Lewy number.
[image: Figure 2]FIGURE 2 | Computational domain and mesh characteristics.
Boundary conditions were imposed based on the experimental measurements Uddeen et al. (2023a); Uddeen et al. (2023b); Uddeen et al. (2023c). The mixture composition was stoichiometric and assumed as a perfectly mixed inflow boundary condition. Constant Dirichlet pressure inlet and outlet boundary conditions were set, simplifying the exchange gases process, yet capturing the correct delivered mass per cycle. Piston, liner and head walls temperatures were kept at 450 K, while the intake and exhaust systems temperatures were maintained at 333 K and 500 K, respectively. To model ignition, a spherical energy source was placed at each spark plug electrode gap. The ST was set to [image: image] CAD. For G-equation, ignition was achieved using passive source modeling with a [image: image] surface initialized at the spark location as a spherical surface of [image: image]. Alternatively, the multi-zone well-stirred reactor model used a high- and low-energy source to capture ignition, depositing [image: image] and [image: image] in a spherical region of [image: image] radius over 0.5 CAD and 10 CAD, respectively. The five-spark combustion configuration was selected for evaluation because it operates at a low COV, making the experimental data a reliable baseline for modeling. A base mesh size of [image: image] was employed throughout the entire domain. Furthermore, adaptive mesh refinement (AMR) was applied in regions with strong gradients in temperature and velocity, and embedded mesh refinement was used to capture near-wall flow characteristics. Spherical embeddings were implemented around the spark plug regions. Mesh features are shown in Figure 2, and details are provided in Table 2 for the five different configurations that were evaluated.
TABLE 2 | Mesh features in the mesh sensitivity analysis.
[image: Table 2]3.2 Validation stage and simulation strategy
The first step in the calibration of the engine model was related to the proper representation of the compression and expansion of the in-cylinder gases. Optical engines experience a significant level of leakage due to hardware modifications and the setup configuration. Therefore, to assure accurate reproduction of the pressure history, a proper crevice model is crucial. Following the studies by Irimescu et al. (2013); Irimescu et al. (2018); De Renzis et al. (2021), 7.5% of the total inducted mass per cycle was allowed to leak to the crankcase. The model was further calibrated while maintaining the squish height as in the engine, leading to a geometrical compression ratio of 12. The results are presented in Figure 3, revealing close agreement with the experimental data, particularly during the expansion stroke. This level of accuracy is especially noteworthy given the optical configuration of the engine under investigation.
[image: Figure 3]FIGURE 3 | Motoring pressure evolution comparison between experiments and numerical results.
Subsequently, combustion cases are calibrated, starting from mesh sensitivity; different mesh strategies were tested and as summarized in Table 2. The baseline case setup is established based on literature Yang et al. (2023), whereas the additional mesh features were considered to improve the description of the initial kernel growth with the refinement of the mesh in the spark plug region. Additionally, a cylindrical embedding of the combustion chamber was explored in meshes three and four to observe the keys aspects of the main chamber turbulence dissipation, along with the AMR to refine the flame zones. Finally, the geometry of all the spark plugs was introduced in Mesh four and its effects on the combustion behavior will be explained in detail below.
4 ASSESSMENT OF NUMERICAL PARAMETERS
4.1 Mesh sensitivity analysis
Figure 4a presents the pressure and apparent heat release rate (AHRR) evolutions for the different evaluated cases, with 100 experimental combustion cycles shown in gray for reference. At first glance, the Baseline, Mesh 1, and Mesh two simulations underpredict the pressure rise despite accurately capturing the ignition delay, indicating a slower heat release rate compared to the experiments. This discrepancy can be attributed to the coarse mesh resolution in the spark plug region and insufficient refinement during the early stages of combustion. In particular, coarse meshes promote a rapid energy dissipation, which reduces the reactivity of the cell-based ignition in the SAGE combustion model.
[image: Figure 4]FIGURE 4 | (a) Pressure evolution and AHRR, and (b) volume-averaged temperature in the SPC region during the energy deposition period, for the various cases evaluated in the mesh sensitivity analysis.
Additional evidence appears in Figure 4b, which shows how the temperature in the SPC vicinity rapidly decays for the coarse meshes. In the Baseline mesh, the peak temperature is even lower due to this rapid energy dissipation. A second temperature peak occurs once combustion initiates; notably, this peak appears earlier for Mesh three and takes longer in the coarser meshes, indicating a slower heat release process.
In contrast, Mesh three overpredicts the heat release rate and the peak pressure reaches higher values compared to experiments. Although the mesh in the spark plug surroundings is refined, as well as the combustion chamber, the early flame development is shorter and a rapid rise of the in-cylinder pressure is substantial. To understand how the local flow field and early flame development are affected by the presence of spark plugs geometry (J-gap type), their geometrical details are included in Mesh 4. Remarkably, the prediction is much improved, suggesting the importance of capturing the near-spark flow field during the early combustion development. To obtain additional insights about the importance of the detailed geometry, additional test simulations were done with the spark plugs rotated (results not shown in the document), but marginal changes were observed in the numerical results. It is thus concluded that the most important aspect is the local flow field near the wall.
These findings suggest that typical engine CFD meshing practices for hydrocarbon fuels may not be fully applicable to [image: image]-fueled engines, primarily due to [image: image]’s lower reactivity and narrower flammability range. Under coarse mesh resolutions, numerical dissipation can quickly dilute the ignition kernel and reduce reactivity, making it more difficult to accurately capture the onset and early stages of [image: image] combustion.
4.2 Effect of heat transfer model
Different heat transfer models may be selected for the law-of-the-wall temperature boundary condition treatments available in CONVERGE, such as GruMo-UniMORE by Berni et al. (2017), Amsden, 1997, and Han and Reitz (1997). A proper heat transfer description is necessary to correctly describe the flow physics in the combustion chamber, especially at the end of the compression stroke and during combustion period when the walls are experiencing higher heat transfer rates. As the viscous sublayer is not resolved, it is necessary to model the temperature profile near the wall. In addition to the heat transfer equation, the transition of the logarithmic layer, [image: image], is also important. In general, the GruMo-UniMORE model is recommended for highly-charged/highly-downsized spark-ignited engines and account for different transient elements during the power cycle; Han and Reitz incorporates compressible effects and offers a transient description of the heat transfer processes; O’Rourke and Amsden rely on the quasi-steady assumption, where the heat transfer process has reached a local equilibrium.
Figure 5 shows that the implementation of the three different models lead to a similar behavior in the pressure and AHRR evolution, with the O’Rourke model predicting a slightly higher peak pressure and AHRR. This suggests that the heat losses are minimal when using this model. On the other hand, the AHRR peak in GruMO-UniMORE and Han and Reitz is similar, with the latter predicting a longer combustion duration. In addition, the pressure peak is lower for the Han and Reitz results, indicating higher heat transfer losses, observed as well in the lower pressure captured towards the end of the compression stroke. Considering the small variations, for this specific engine configuration running with [image: image] as fuel, any of the three heat transfer models are found to be adequate in predicting the engine combustion behavior.
[image: Figure 5]FIGURE 5 | Pressure and AHRR traces for the different evaluated heat transfer models.
4.3 Effect of spark timing
The reference ST was set at −30 CAD aTDC. Given the lack of data in optical [image: image] engines, however, the uncertainties in arc breakdown timing were assessed by varying the ST by [image: image] 2.5 CAD, as shown in Figure 6. Although the AHRR rise begins at a similar time for earlier STs, the retarded ST exhibits a significant ignition delay. Furthermore, the three cases demonstrate distinct pressure evolutions. A monotonic reduction in the pressure peak and an increased ignition delay are observed with retarded STs. These results indicate that while the HRR for earlier STs remains similar, the retarded case shows a significantly lower peak. Due to the slow flame speed of [image: image], delaying the ST results in a substantial reduction in both pressure peak and AHRR, along with a further delayed ignition. However, more data is needed to draw a conclusive understanding of the sensitivity to ST.
[image: Figure 6]FIGURE 6 | Pressure and AHRR traces for the different evaluated STs.
5 COMBUSTION MODELING AND FLAME BEHAVIOR
5.1 Natural flame luminosity
To further demonstrate the fidelity of the model, the instantaneous flame development and topology is analyzed in Figure 7. In the first row (a) optical experiments are presented, whereas the second row (b) shows the computational volumetric rendering of the temperature field. Upon initial inspection, the CFD results demonstrate a qualitatively accurate prediction of flame development from the five different spark locations. However, the numerically predicted flame growth appears slightly faster than in the experiments, which may relate to the higher AHRR observed in Mesh 4 (see Figure 4). Furthermore, it should be noted that the experimental optical setup does not capture the entire outer region of the combustion chamber, and the single-shot image from the experiment may differ from the ensemble-averaged RANS solution. In the initial stages of combustion at −10 CAD, the flame surface areas are small, and then grow towards top dead center (TDC), increasing the pressure and temperature of the combustion chamber. At 10 CAD, the different flame fronts have merged towards the late combustion, consuming nearly the entire unburned premixed charge. As reported in previous studies by Huang and Liu (2024), the multi-spark methodology speeds up the overall charge consumption due to the simultaneous creation of multiple flame fronts. One important observation is the flame resultant from the central spark (SPC) growing with a faster rate. Furthermore, it is observed that the topology for the different flames differ among them, as further discussed later.
[image: Figure 7]FIGURE 7 | Flame development viewed from the bottom captured by (a) natural flame luminosity experiments and (b) numerical results with Mesh 4 model. Volumetric post-processing for the temperature field.
5.2 Flame dynamics
The volumetric-averaged turbulent kinetic energy (TKE) at each spark location is presented in Figure 8. There are two important peaks during the cycle. The first one corresponds to the intake valve opening event, promoting the increase in the TKE as a consequence of the entering turbulent inflow mixture charging the main chamber. The second peak occurs at the ST, where the sudden rise in the pressure and the expansion of the flames disturb the local flow field. It is seen that TKE is higher at SPC before the start of ignition, which promotes the central flame to grow faster. Additionally, higher fluctuations are observed in this region. There is irregular behaviors in the different regions during the intake stroke. However, the level of turbulence decays once the intake valves are closed. Towards the compression stroke, the fluctuations in the flow field remain at similar low values.
[image: Figure 8]FIGURE 8 | Volume-averaged TKE evolution at the five different spark plug regions.
It is evident that each flame front behaves distinctly as a consequence the different local flow field conditions at ST and afterwards; this implies the need for appropriate mesh selections at different regions to capture the detailed turbulent flow characteristics in addition to the spark geometry. Furthermore, due to the turbulent flows and the swirl-type engine, the in-cylinder fluid dynamics varies spatially, translating in a complex flame-flame interaction. The present results show significant differences from those obtained by Huang and Liu (2024), where a simplified initial setup resulted in multiple flame fronts propagating in comparable shapes and sizes. The present study suggests that capturing local variations in the flow and flame behavior may lead to a significant difference in the prediction of the overall engine combustion characteristics.
More details of the flow field are shown in Figure 9 along with the TKE map. The higher TKE found in the center of the combustion chamber is found to be caused by the swirl motion. The rotational motion promotes an increase in the pressure close to the walls, where the velocity is zero due to the non-slip condition; the boundary layers of the piston and head induce the flow to move inwards to the center of the combustion chamber. As a consequence of the different streams collapsing, velocity fluctuations are concentrated in that region. The iso-surface for T = 1700 K represents the flames in Figure 9. Due to the growth of the multiple flames and the heat release during combustion, the gas expansions at different locations affects the flow patterns, where multiple locus of flow stagnation are observed as a result of the flames propagating onto the fresh charge.
[image: Figure 9]FIGURE 9 | Vector field, TKE profile and iso-surface for T = 1700 K, at different timings in the combustion chamber. Top: xz-plane view; Bottom: rotated xy-plane at z = −3 mm.
5.3 Turbulence-chemistry interaction
Turbulence varies significantly both spatially and temporally throughout the cycle. These variations have a crucial influence on flame dynamics and need to be properly captured in the model. The SAGE combustion model treats each computational cell as a homogeneous (well-stirred) reactor. Accordingly, within the RANS framework, turbulence-chemistry interactions (TCI) are effectively neglected, as local reaction rates are computed solely from the mean flow field and temperature without accounting for sub-grid fluctuations Mohan and Haworth (2015). To properly account for TCI in the context of flame propagation, the G-Equation combustion model is being employed, where a transport equation for the scalar field variable [image: image] is solved and the iso-scalar surface [image: image] represents the flame surface at each instantaneous solution field, separating the burned and unburned gases. The proposed transport equation per Peters (2001) is written as:
[image: image]
Equation 1 comprises several variables and constants, including the turbulent flame speed represented by [image: image], the unburned mixture density [image: image], the local density [image: image], the Favre mean value of the scalar [image: image] represented by [image: image], the curvature [image: image], and the turbulent diffusivity [image: image]. The first term on the right hand side of Equation 1 represents the mean turbulent burning rate, while the second term represents the impact of the flame front curvature. To solve Equation 1, it is necessary to close the system by first determining the turbulent flame speed, [image: image], which is is calculated using Peters’s correlation, defined as:
[image: image]
where the turbulent Damköhler number is defined as [image: image], which characterizes the ratio of flow timescales to chemical timescales; [image: image] is the turbulence intensity (derived from the local turbulent kinetic energy), and [image: image] is the integral length scale, obtained from the RANS formulation as [image: image]. The laminar flame speed, [image: image], is tabulated by the built-in chemistry tool. The flame thickness, [image: image], is estimated as [image: image], where [image: image] is the molecular thermal conductivity, [image: image] is the specific heat, and [image: image] is the fluid density. Subscripts 0 and [image: image] represent in cell value, and unburned region value, respectively. Any additional constants that appear in (Equation 2) are specific to the turbulent flame speed model.
Unlike the SAGE model, which initiates combustion via an energy source that mimics the arc discharge to trigger reactions, standard ignition practice for the G-equation model is to initialize the corresponding [image: image]-field (i.e., the flame) at the spark plug electrode gap. In order to capture additional reactivities in both the unburned and burned regions, the SAGE model is coupled to the G-equation on both sides of the flame front. Due to the system’s low reactivity, an uncommon practice is adopted: both an energy source and a [image: image]-field passive source are initialized in the gap vicinity. This approach increases the local reactivity and ensures successful ignition at each spark plug location, consistent with observations in the optical experiments.
Both sources are spherical with a radius of 0.5 mm, activated simultaneously at the ST. Figure 10 shows the pressure and AHRR traces obtained using the G-equation combustion model, with experimental pressure traces for comparison. The combustion process is accurately captured, with small deviations observed in the numerical results, particularly at the early stages of combustion. Consequently, the model effectively characterizes the flame-flow interaction, providing a solid foundation for evaluating key aspects of the turbulence-chemistry interaction.
[image: Figure 10]FIGURE 10 | Pressure evolution for the G-equation model.
Figure 11 shows the visual flame development in the combustion chamber based on the iso-surface for the flame [image: image] colored by the local [image: image] at different stages of the combustion process. At the initial stage of combustion (CA[image: image]1), the majority of the flame front surfaces propagate with a [image: image], indicating chemistry is slow and rate-determining. At this stage, the flames experience low levels of turbulence due to wall confinement, resulting in similar growth rates for all flames, as observed at CA1, where the different flame surfaces grow at a comparable rate. Once the flames surpass the spark obstacles, however, they are subjected to a wider range of turbulence level, causing [image: image] to increase and vary in magnitude, thus affecting the flame propagation rate more significantly. At CA5, the wrinkling effect of the flame, induced by flame-turbulence interaction, accelerates flame growth, particularly for the central flame, which experiences higher turbulence and grows faster. Silva et al. (2023) reported that due to the low flame speed of [image: image], most of the combustion occurs in the corrugated flamelets regime, where the eddy length scales are larger than the flame thickness, impacting flame growth only in a kinematic manner. The increase in [image: image], along with the enlarged surface area of the central flame, further enhances the propagation rate. Finally, after CA10, the different flame fronts collapse and complete the consumption of the reactant charge.
[image: Figure 11]FIGURE 11 | Iso-surface representing the flame [image: image], coloured by Damköhler number.
Huang and Liu (2024) suggested that the inclusion of multiple sparks does not enhance turbulence levels in the chamber; instead, the advantage of this approach lies in the ignition multi-locus adjoined propagation. This behavior is akin to advanced combustion systems like the pre-chamber, where multiple ignition locations are achieved. Unlike the pre-chamber method, however, the multi-spark approach does not enhance turbulence and mixing.
6 CONCLUSION
In this study, a three-dimensional CFD model for SI, multi-spark NH3 internal combustion engine was developed and validated using optical engine experiments. Because NH3 exhibits lower reactivity compared to carbon-based fuels, it necessitates more stringent mesh resolution and spark-region modeling. Incorporating detailed spark plug geometries was found to be critical for accurately resolving early flame kernel development by improving the local flow field and temperature distribution at the onset of ignition.
When compared against natural flame luminosity measurements, the model demonstrated a high degree of qualitative agreement, indicating that key physical processes—such as ignition, flame propagation, and local turbulent mixing—are effectively reproduced. An assessment of turbulence–chemistry interactions further revealed that NH3 combustion can shift from a chemistry-governed to a flow-governed regime, underscoring the pivotal role of turbulent kinetic energy in accelerating flame growth. Additionally, for the G-equation model (a flame-based approach), a small energy boost in the spark plug region following flame initialization was required to enhance initial kernel growth, reflecting [image: image] relatively low reactivity.
Building on this work, future investigations will leverage CFD simulations to explore advanced combustion strategies, examine varied operating parameters, and optimize engine designs.
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