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A B S T R A C T   

With the increase in heavy-duty engines, an enhanced combustion concept is necessary to meet stringent 
environmental regulations. Pre-chamber combustion systems can be used to improve combustion stability and 
emissions, and their design parameters are important because they affect the jet properties and engine perfor-
mance. Therefore, this study investigates the combustion and emission characteristics of a pre-chamber com-
bustion system for heavy-duty engines using a CFD program to determine the optimal design for engine 
performance. The simulation was conducted with an engine speed of 720 rpm and a 100% load condition for 
both dual fuel and diesel-only operation modes. Results indicate that the optimal pre-chamber nozzle design 
parameters include a hole diameter of 2.4 cm, 4 holes, and a direction angle of 60 deg. Compared with a con-
ventional engine, the gross IMEP for an engine with a pre-chamber combustion system increased up to 0.8%, and 
the THC emissions was significantly reduced by preventing methane slip in dual-fuel mode. Additionally, NOx 
production was reduced by 50% in diesel mode. However, the NOx in dual-fuel mode and the soot in diesel mode 
were deteriorated. Therefore, engine operating strategies for pre-chamber combustion systems should be 
investigated as future work.   

1. Introduction 

With the increasing volume of global transportation, concerns about 
emissions from the transport sector [1], which includes a large portion 
of heavy-duty engine for marine vehicles, continue to increase. In 
response to environmental issues around the world, various combustion 
strategies associated with fuels and engine design have been developed 
for use in internal combustion engines [2]. Saiteja and Ashok [3] 
highlighted the advantage of biofuels to replace fossil fuels and reduce 
exhaust emissions with conventional engines. Furthermore, they inves-
tigated the homogeneous charge preparation technique of a homoge-
neous charge compression ignition (HCCI) engine powered by biofuels. 
The use of gaseous fuel in addition to liquid diesel in dual-fuel mode is 
another method to reduce the emissions of diesel engines [4]. Therefore, 
considering dual-fuel mode for diesel engines may help address emission 
concerns. Regarding engine design, a pre-chamber ignition system can 
improve inflammability and thereby ensure stable combustion in gas 
engines with lean conditions [5]. 

In addition, indirect injection based on the Comet Mk pre-chamber 

combustion system has been developed for diesel engines [6,7]. Salahi 
et al., [8] conducted simulations for the Comet Mk combustion pre- 
chamber to investigate the reactivity controlled compression ignition 
(RCCI) combustion strategy in an engine fueled by natural gas and 
diesel. They found that introducing the active fuel in a thermally insu-
lated pre-chamber extended the operating range under a lower intake- 
air temperature for both low and high loads. Esfahanian et al., [9] 
also investigated the effects of two combustion concepts, homogeneous 
charge compression ignition and premixed charge compression ignition, 
in a pre-chamber, dual-fuel engine system to improve the combustion 
efficiency and emissions. 

Huang et al., [10] studied the application of an indirect injection 
system, which is a type of pre-chamber system, to a diesel engine. The 
pre-chamber system slowed the combustion process in the diesel engine, 
decreasing the peak combustion temperature. Therefore, it reduced the 
brake thermal efficiency but drastically reduced NOx emissions. Iwazaki 
et al., [11] found that two-stage injection in an indirect injection system 
improved engine fuel consumption by 20% at a certain injection timing. 

Thus, in previous studies, applying pre-chamber systems to gas and 
diesel engines produced certain thermal efficiency advantages in dual- 

* Corresponding author at: School of Mechanical Engineering, Hanyang University, 222 Wangsimni-ro, Seongdong-gu, Seoul 04763, Republic of Korea. 
E-mail address: parks@hanyang.ac.kr (S. Park).  

Contents lists available at ScienceDirect 

Energy Conversion and Management 

journal homepage: www.elsevier.com/locate/enconman 

https://doi.org/10.1016/j.enconman.2022.115365 
Received 16 December 2021; Received in revised form 2 February 2022; Accepted 8 February 2022   

mailto:parks@hanyang.ac.kr
www.sciencedirect.com/science/journal/01968904
https://www.elsevier.com/locate/enconman
https://doi.org/10.1016/j.enconman.2022.115365
https://doi.org/10.1016/j.enconman.2022.115365
https://doi.org/10.1016/j.enconman.2022.115365
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enconman.2022.115365&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Energy Conversion and Management 255 (2022) 115365

2

fuel engines and NOx emission advantages in diesel engines. 
It is necessary to understand the influence of pre-chamber design 

parameters because the jet characteristics vary with these parameters, 
which thus play an important role in the combustion process, further 
affecting the emissions. Gentz et al., [12] studied how the pre-chamber 
orifice diameter affected a turbulent jet ignition system fueled by pro-
pane with a spark plug in the pre-chamber. Based on the optical image 
and combustion characteristics, they determined the relationships be-
tween the jet velocity and structure, the combustion process, and 
different pre-chamber orifices. When the operation was lean (lambda 
greater than 1.25), a more vigorous jet with greater initial jet penetra-
tion was required. Shah et al., [13] investigated the effect of pre- 
chamber volume and nozzle diameter on a natural gas engine equip-
ped with a spark plug. Using a single nozzle hole direction angle, they 
analyzed the flame development and combustion characteristics of three 
pre-chamber shapes with different volumes, nozzle hole diameters, and 
throat area ratios. In a diesel engine pre-chamber system, Nishida et al., 
[7] found that the nozzle hole size influenced the flame jet and turbu-
lence, playing a major role in determining the brake mean effective 
pressure, smoke, and NOx. 

To utilize the advantages of a pre-chamber system in a heavy-duty 
engine for marine vehicles that have large displacements and consume 
a large amount of fuel, it is necessary to optimize the pre-chamber sys-
tem for a heavy-duty engine. Because there are few studies on pre- 
chamber systems in heavy-duty engines, additional study is needed. 
To introduce a pre-chamber system to a heavy-duty engine capable of 
both dual fuel and diesel-only operation modes, the combustion process 
must be investigated first, followed by the emissions characteristics in 
the pre-chamber combustion system. The pre-chamber design can then 
be analyzed based on these results. The pre-chamber design parameters 
that play an important role in the combustion process, such as the pre- 
chamber nozzle hole area and jet targeting, should be optimized while 
considering both dual fuel and diesel-only operation modes. 

Therefore, in this study, the combustion process of a heavy-duty 
engine with an applied pre-chamber system was analyzed in both dual 
fuel and diesel-only operation modes. Then, the influence of the pre- 
chamber nozzle hole diameter, number, and direction angle was inves-
tigated in both operational modes. In dual fuel mode operation fueled by 
diesel (as a high reactivity fuel) and methane (as a low reactivity fuel), 
the efficiency and THC (total hydrocarbon) resulting from methane slip 
is important, in addition to NOx emissions. Therefore, the gross indi-
cated mean effective pressure (IMEP), NOx, and THC were used to 
evaluate the effects of the aforementioned parameters. In diesel mode 
operation, soot formation from incomplete combustion and NOx were 
used for the evaluation. This study conducted CFD (computational fluid 
dynamics) simulations using CONVERGE v2.4 software. 

2. Computational methodology 

2.1. Numerical model 

To simulate the combustion process in the cylinder of a heavy-duty 
engine, the software CONVERGE v2.4 was used. The turbulence flow 
was modeled using the RNG k-ε turbulence model with the Reynolds- 
averaged Navier-Stokes equation [14,15]. The diesel spray break-up 
process was simulated using the Kelvin Helmholtz-Rayleigh Taylor 
break-up model [16], which is generally used to model a high-pressure 
spray break-up process. N-tetradecane (C14H30) was used as a surrogate 
fuel for the physical properties of liquid diesel, and the Frossling model 
was used to simulate fuel evaporation. 

To simulate the dual fuel combustion process with a micro-pilot 
diesel injection, the combined combustion model shown in Fig. 1 was 
used. 

The diesel pilot spray ignition was modeled by the SAGE detailed 
chemistry model in CONVERGE using n-heptane (42 species and 168 
reactions) [17] as the surrogate for diesel fuel during the combustion 
process. No additional methane combustion mechanism was required 
because the n-heptane combustion mechanism includes the methane 
oxidation process. In the SAGE model, each chemical reaction rate has 
an Arrhenius equation form. This approach assumes that each compu-
tational cell is homogeneous. The chemistry model predicts the ignition 
delay, early flame kernel formation location, and flame propagation 
speed of diesel diffusion combustion. 

The premixed combustion was modeled using the level-set G-equa-
tion approach to simulate premixed flame propagation [18]. The scalar 
variable G is the scalar distance function between the immediate posi-
tion and the mean flame front. A G = 0 surface indicates that the flame 
front is at the immediate position. The G-equation model for turbulent 
premixed combustion is based on the advanced form of the Favre mean 
variance equation for G [19]. To track the turbulent flame front by 
solving for the mean of G, Eqs. (1) and (2) were used where St is the 
turbulent flame speed, ρu is the unburned density, k is the turbulent 
kinetic energy, Dt is the turbulent diffusion and ε is the turbulent 
dissipation. 
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For the calculation of the laminar flame speed of methane, the 
Gulder correlation [20] was used based on the following Eqs. (3)-(6), 
where Tu is the unburned temperature, Tu,ref is the reference unburned 
temperature, P is the pressure,Pref is the reference pressure, Ydil is the 

Nomenclature 

ΔP Pressure difference between pre-chamber and main 
chamber 

ε Turbulent dissipation 
λ Air-fuel equivalence ratio 
ρu Unburned density 
Ydil Mass fraction of dilution species 
ϕ Equivalence ratio 
Dt Turbulent diffusion 
k Turbulent kinetic energy 
P Pressure 
Pref Reference pressure 
Sl Laminar flame speed 

Sl,ref Reference laminar flame speed 
St Turbulent flame speed 
Tu Unburned temperature 
Tu,ref Reference unburned temperature 
Vchamber@TDC Volume of combustion chamber at TDC 
Vpre-chamber Volume of pre-chamber 

Abbreviations 
HCCI Homogeneous Charge Compression Ignition 
RCCI Reactivity Controlled Compression Ignition 
THC Total Hydrocarbon 
CFD Computational Fluid Dynamics 
LHV Lower Heating Value 
IMEP Indicated Mean Effective Pressure  
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mass fraction of dilution species, and ϕ is the equivalence ratio. 

Sl,ref = ωϕηexp[− ξ(ϕ − 1.075)2
] (3)  

Sl = Si,ref (Tu/Tu,ref )
γ
(P/Pref )

β
(1 − 2.1Ydil) (4)  

γ = aT +mT(ϕ − 1) (5)  

β = ap +mT ϕ3.51 (6) 

The model constants for these equations which were modified during 
the validation process are presented in Table 1. 

At the start of the calculation, the G value was not declared in the 
computational domain. For conventional gasoline and gas engine sim-
ulations, the source of G was valued directly, or the initial kernel size for 
g-equation propagation was set. In this study, when the cell temperature 
reached 1600 K, the g value was initialized, and flame propagation 
began. Combining the g-equation with the detailed chemistry model in 
this way predicted the ignition delay and ignition point through the 
chemical reaction mechanism, which allowed the flame propagation 
velocity to be predicted through the g-equation model. 

The extended Zel’dovich model [21] was used to predict NOx 
emissions. Most of the NOx from the diesel engine combustion is thermal 
NOx, so only thermal NOx was considered in this study. The Hiroyasu 
soot model was applied using total hydrocarbons as the soot formation 
precursor. This model is empirical and divides the soot formation pro-
cess into just two processes: formation and oxidation [22]. The forma-
tion and oxidation masses are determined by the in-cylinder pressure, 
temperature, concentration of the soot precursor, and oxygen partial 
pressure. 

2.2. Validation of combined combustion model 

The combined combustion model was validated based on experi-
mental results of a conventional heavy-duty engine with bore-stroke 
ratio of 0.875. The validation was conducted at an engine speed of 
720 rpm. In dual-fuel mode, the intake pressure was 1.46 bar at 50% 
load and 2.78 bar at 100% load, and in diesel fuel operation mode, the 
intake pressure was 1.78 bar at 50% load and 3.3 bar at 100% load. The 
engine load conditions were experimentally determined according to 

the IMEP. The in-cylinder pressure behavior and apparent heat release 
rate comparison between experimental and simulated results are pre-
sented in Fig. 2. The results show a reasonable trend with increasing 
engine load in dual fuel mode and diesel mode operations. 

The errors in the simulation results were evaluated for the in- 
cylinder maximum pressure and timing at which the in-cylinder pres-
sure had a maximum value as shown in Table 2. Under dual fuel oper-
ation conditions, the in-cylinder maximum pressure error was 10.4 % at 
100% load. This affected the high-combustion variation during dual-fuel 
combustion compared with diesel combustion. For the error in the 
maximum in-cylinder pressure timing, only a maximum error of 1.2 deg 
appears in dual-fuel mode. Additionally, the errors in the in-cylinder 
maximum pressure and its timing were reasonably low in diesel opera-
tion mode. Therefore, these results indicate that the simulation models 
for dual-fuel mode and diesel mode can sufficiently reflect experimental 
results. 

2.3. Simulation conditions 

During dual fuel mode operation, the engine was operated with 
methane as the primary fuel and diesel as the secondary injected fuel. 
The overall lambda in the cylinder was set to 1.87, and the proportion of 
fuels based on the LHV (lower heating value) was 99.5% and 0.5% for 
natural gas and diesel, respectively. The intake pressure was 2.78 bar. 
During diesel mode operation, the overall lambda in the cylinder was set 
to 2.14. The diesel fuel was injected with a pilot with the main injection 
ratio of 0.9:99.1. The intake pressure was 3.3 bar in diesel mode. 

To investigate the combustion characteristics of the pre-chamber 
combustion system, the engine operating conditions listed in Table 3 
were used. These operating conditions were based on experiment results 
of a conventional heavy-duty engine operating at 100% load. However, 
based on the simulation results of the combustion characteristics of the 
pre-chamber combustion system, the injection timings were adjusted. In 
dual fuel mode operation, the injection timing was delayed compared 
with that in a conventional gas engine due to the shorter combustion 
duration of the pre-chamber combustion system. In contrast, in diesel 
mode operation, the injection timing was accelerated compared with 
that in conventional diesel operation because of the longer combustion 
duration that resulted from using the pre-chamber combustion system. 

With a pre-chamber combustion system, the combustion process 
occurs in two stages with the first stage occurring in the pre-chamber 
and the second stage occurring in the main chamber. The pre-chamber 
and main chamber are connected by a nozzle; thus, the pre-chamber 
nozzle hole layout is important in determining the flame propagation 
and combustion phase from the pre-chamber to the main chamber. 
Therefore, in this study, the pre-chamber nozzle design parameters that 
pertain to flame propagation were selected as shown in Fig. 3 and 
Table 4. With the compression ratio fixed, the influence of the pre- 
chamber nozzle design was investigated for both dual fuel and diesel 
operation modes. 

Fig. 1. Combined combustion model to simulate a dual fuel combustion process using diesel injection for the ignition.  

Table 1 
Model constants for the Gulder 
correlation.  

ω 0.422 

η  − 0.2 
ξ  1.5 
γ  2.0 
β  − 0.1 
mT  − 0.8 
mp  0.15 
Ydil  0.0  
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3. Results and discussion 

3.1. Combustion process in the pre-chamber combustion system 

The combustion process under dual fuel mode operation with diesel 
micro-pilot injection and without a pre-chamber is presented in [23]. In 
dual fuel mode operation, unlike in diesel mode operation, there is little 
or no controlled-mixing region; instead, flame propagation combustion 
occurs [24]. However, in an engine system with a pre-chamber, the 
combustion step inside the pre-chamber is added because the pre- 
chamber has an additional volume that must be distinguished from 
the main chamber. The combustion process of an engine system with a 
pre-chamber is illustrated in Fig. 4. When micro-pilot diesel fuel is 
injected into the pre-chamber, the gas fuel in the pre-chamber burns first 

(after the ignition delay). During this period, the heat release rate is 
increased slightly (Fig. 4(a)). After, the flame jet from the pre-chamber 
propagates to the main chamber, and the heat release rate rises due to 
the fast flame jet formed by the pre-chamber (Fig. 4(b)). The flame 
propagation by the flame jet is faster than that without a pre-chamber 
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Fig. 2. Combustion model validation results at (a) 50% load and (b) 100% load in dual fuel mode operation, and at (c) 50% load and (d) 100% load in diesel 
mode operation. 

Table 2 
Combustion simulation errors.  

Experimental and simulation 
conditions 

Pmax error Pmax timing 
error  

Dual-fuel mode 50% load 10.0 % 1.2 
deg  

100% 
load 

10.4 % 0.4 
deg 

Diesel mode 50% load 2.9 % 0.0 
deg  

100% 
load 

1.7 % 2.1 
deg  

Table 3 
Engine operating conditions.  

Operation mode   

Dual fuel mode 
operation 

Engine speed 720 rpm 
Lambda (λ) 1.87 
Injector nozzle hole number 4 
Injector nozzle hole diameter 0.25 mm 
Injection angle 17◦

Injection timing − 8 CAD 
Injection duration 3.15 deg 
Micro pilot diesel quantity 0.5% of total LHV 
Gas fuel species Methane (CH4) 

Diesel mode 
operation 

Engine speed 720 rpm 
Lambda (λ) 2.14 
Injection nozzle hole number 4 (pilot), 12 (main) 
Injector nozzle hole diameter 0.25 mm (pilot), 0.48 

mm (main) 
Injection angle 17◦ (pilot), 17◦ (main) 
Injection timing − 11 CAD (pilot), − 9 

CAD (main) 
Injection duration 4.9 deg (pilot), 25.8 deg 

(main) 
Diesel injection quantity ratio 
(pilot : main) 

0.9% : 99.1%  
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because of the high jet velocity. When the flame is sufficiently developed 
and the flame area increases, the end gas burns rapidly, producing a 
rapid increase in the heat release rate (Fig. 4(c)). This is similar to 
premier combustion, which is promising for high efficiency [25] because 
flame propagation and auto ignition of the end gas occur. 

Conventional diesel combustion generally consists of four phases: 
ignition delay, premixed combustion, mixing controlled combustion, 
and late burning [26]. In a pre-chamber combustion system, the limi-
tation of oxygen in the pre-chamber slows the heat release rate during 
premixed combustion, as shown in Fig. 5(d). After the diesel fuel vapor 
and flame are ejected into the main chamber (Fig. 5(e)), the fuel vapor 
and air mixing process takes place in the main chamber. In this mixing 
controlled phase, the mixing performance is affected by the pre-chamber 
nozzle hole layout. When the fuel vapor supply from the pre-chamber is 
stopped, combustion goes through the late burning phase as the rest of 
the fuel burns continually and the heat release rate drops. 

In diesel mode operation, the soot formation process in the main 
chamber is explained by a conceptual model in [27]. Unlike in a direct- 
injection diesel combustion system, the fuel ejected from the pre- 
chamber is in a vapor state, but the spatial characteristics of soot for-
mation and flame have the same form. The fuel/air mixture distributed 
near the pre-chamber nozzle is rich, so the products of rich combustion 

such as soot are formed in this region (~1600 K). Flame diffusion 
(~2700 K) occurs between the rich fuel/air mixture area and air and is 
the source of the high OH radicals that play an important role in soot 
oxidation [28]. Thus, soot oxidation occurs mainly in the flame diffusion 
area, as shown in Fig. 6. Because of the high-temperature region near the 
flame diffusion, thermal NOx production is expected only around the 
flame jet periphery on the lean side of the flame diffusion [27]. There-
fore, the flame structure and combustion temperature should also be 
investigated to understand the emissions. 

For combustion process in pre-chamber combustion system, the 
flame jet properties which mainly affected by the pre-chamber nozzle 
hole designs are important in both dual-fuel and diesel modes. There-
fore, the combustion and emission characteristics for the pre-chamber 
nozzle hole design were investigated in following sections. 

3.2. Influence of the pre-chamber nozzle hole diameter 

As the pre-chamber nozzle hole diameter increased, the pressure 
difference between the pre-chamber and main chamber during 
compression decreased (Fig. 7). This is because when the number of 
nozzle holes is held constant, a larger pre-chamber nozzle hole size 
equals a larger nozzle hole area, and a larger nozzle hole area improves 
the pressure response of the pre-chamber to pressure changes in the 
main chamber. Similarly, the pressure difference between the pre- 
chamber and the main chamber decreased as the nozzle hole diameter 
increased when the pressure rose in the pre-chamber after diesel 
injection. 

Combustion phasing and combustion duration directly affect the 
thermal efficiency [29] and can be used to assess the combustion process 
of an internal combustion engine [30]. They are thus important pa-
rameters for understanding combustion characteristics, along with the 
in-cylinder pressure and heat release rate. 

In Fig. 8, the combustion characteristics with different pre-chamber 
nozzle hole diameters are presented. As the pre-chamber nozzle hole 
diameter increased, the flame jet velocity from the pre-chamber 
decreased, reducing the pressure difference between the pre-chamber 

Nozzle hole diameter

60 deg 70 deg 80 deg

1.6 cm 2.0 cm 2.4 cm

Nozzle hole number

Nozzle hole direction angle

Pre-chamber nozzle hole parameters

Pre-chamber nozzle

Intake valveExhaust valve

Throat

Fig. 3. Computational domain and geometry for the simulation parameters.  

Table 4 
Simulation conditions for the pre-chamber combustion system.  

Pre-chamber volume 525 cm3 

Volume ratio (Vpre-chamber/ 
Vchamber@TDC) 

0.17 

Throat area 14.6 cm2 

Pre-chamber nozzle hole 
diameter 

1.6 cm, 2.0 cm, 
2.4 cm 

1.6 
cm 

2.4 cm 

Pre-chamber nozzle hole 
number 

4 4, 5, 
6 

4 

Pre-chamber nozzle hole 
direction angle 

60 deg 60 
deg 

60 deg, 70 deg, 
80 deg  
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Fig. 7. Pressure difference between the pre-chamber and main chamber based on the pre-chamber nozzle hole diameter in dual fuel mode operation (a) from C.A. 
− 20 deg to C.A. 40 deg, (b) enlarged. 
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and the main chamber. Therefore, the combustion phasing (CA50) and 
peak pressure timing were retarded as the pre-chamber nozzle hole 
diameter increased. The slower flame propagation that occurred as the 
nozzle hole diameter increased caused the combustion duration to last 
longer (CA10–CA90), decreasing the peak pressure. 

Fig. 9 shows how the pre-chamber nozzle hole diameter influences 
the flame structure. As the pre-chamber nozzle hole size increased, the 
flame jet diverged into a wider angle and had more possibility of 
merging with the flame jets from other nozzle outlets. Because the flame 
propagation slowed as the pre-chamber nozzle hole diameter increased, 
the high-temperature flame region near the peak pressure timing 
became decreased. Therefore, the peak pressure decreased as the pre- 
chamber nozzle hole diameter increased. 

To evaluate the combustion efficiency and emissions in dual fuel 
mode operation, the gross IMEP, NOx, and THC were calculated, as 
shown in Fig. 10. Because of the longer combustion duration caused by 
larger pre-chamber nozzle hole diameters (Fig. 8), the positive work 
with a nozzle hole diameter of 2.4 cm was greater than that with a 

smaller nozzle hole diameter, increasing the gross IMEP by up to 1.1%. 
The decrease in peak pressure of the larger pre-chamber nozzle hole 

reduced NOx emissions. Furthermore, the fast and even flame propa-
gation reduced methane slip, as indicated by the very small amount of 
THC generated. 

In diesel mode operation, understanding the combustion process of a 
pre-chamber combustion system should consider not only the jet ve-
locity but also the diesel fuel vapor supply to the main chamber. The fuel 
vapor distributions are determined by the jet velocity and jet angle. A 
higher jet velocity allows the diesel vapor to penetrate faster in the 
radial direction. As a result, the fuel tends to be distributed more widely 
in the radial direction. However, a wider jet angle or increased merging 
of jets from multiple nozzle holes causes the fuel vapor to be distributed 
in a wider area in the angular direction. The most uniform fuel distri-
bution occurred when the jets from each nozzle outlet merged when the 
nozzle hole diameter was 2.4 cm. However, when the jets from each 
nozzle remained separate, the fuel was more evenly and widely 
distributed at a higher jet velocity (Fig. 11(a)). 
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The flame structure in diesel mode operation is similar to the fuel 
vapor distribution (Fig. 11(b)). As the pre-chamber nozzle hole diameter 
increased, the jet angle widened, and the jet velocity decreased, 
reducing the flame diffusion area. 

The high-temperature region and flame distribution, which can be 
used to estimate the combustion temperature, widened as the pre- 
chamber nozzle hole diameter varied in the following order: 2.4 cm, 
1.6 cm, and 2.0 cm during C.A. 0 to C.A. 15 deg. As a result, the peak 
pressure also increased in the order of 2.4 cm, 1.6 cm, and 2.0 cm, as 
shown in Fig. 12 (a). The combustion phasing and duration were most 
affected by the jet velocity. With a larger pre-chamber nozzle hole 
diameter, the combustion phasing was retarded, and combustion dura-
tion lasted longer, as shown in Fig. 12(b). 

The initial soot formation during diesel operation is affected by the 
fuel distribution and temperature. In the fuel rich region, soot formation 
occurs due to the lack of oxygen. Because the fuel rich region increased 
based on the nozzle hole diameter in the order of 2.4 cm, 1.6 cm, and 2.0 
cm (Fig. 11), the initial soot formation (before C.A. 20 deg) in Fig. 13 
follows the same trend. However, because the soot oxidation process 
takes place in the vicinity of the flame diffusion, the soot oxidation rate 

was faster when the pre-chamber nozzle hole diameter was smaller (and 
the size of the flame diffusion area was larger), as shown by the slope of 
soot formation trend after C.A. 20 deg. Despite the soot oxidation rate, 
the amount of soot after combustion increased based on the pre-chamber 
nozzle hole diameter in the order of 2.4 cm, 1.6 cm, and 2.0 cm. 

The production of thermal NOx emissions is expected near the jet 
periphery, where the temperature is high during combustion. The 
combustion temperature was higher when the pre-chamber nozzle hole 
diameter was 2.4 cm than when it was 1.6 cm, but the flame diffusion 
area was larger when the pre-chamber nozzle hole diameter was 1.6 cm; 
thus the highest NOx generation occurred with a pre-chamber nozzle 
hole diameter of 1.6 cm. 

As the pre-chamber nozzle hole diameter was increased, a more even 
flame jet was formed. And combustion duration increased due to the 
slower flame jet velocity in both dual-fuel and diesel modes. The in-
crease in nozzle hole diameter to 2.4 cm resulted in the NOx reduction 
and increased IMEP in dual-dual mode and benefited in soot reduction 
by wider fuel distribution in diesel mode. 
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Fig. 14. Tumble ratio in the pre-chamber based on the number of pre-chamber nozzle holes in dual fuel mode: (a) about the X-axis; (b) about the Y-axis.  

J. Shin et al.                                                                                                                                                                                                                                     



Energy Conversion and Management 255 (2022) 115365

11

Pr
e-

ch
am

be
rn

oz
zl

e
ho

le
nu

m
be

r

4
5

6

Clipped plane
Velocity distribution at X plane Velocity distribution at Y plane

C.A. -10 deg C.A. 2 deg C.A. -10 deg C.A. 2 deg

Velocity

0 m/s 100 m/s

X
pl

an
e

Y plane

Y plane view

X
pl

an
e

vi
ew

Fig. 15. Velocity distribution based on the number of pre-chamber nozzle holes in dual fuel mode.  

Fig. 16. Pressure difference between the pre-chamber and main chamber based on the number of pre-chamber nozzle holes in dual fuel mode (a) from C.A. − 20 deg 
to C.A. 40 deg, (b) enlarged. 
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3.3. Influence of the number of pre-chamber nozzle holes 

The tumble flow in the pre-chamber can affect the combustion pro-
cess, particularly the ignition. Strong tumble promotes the atomization 
and evaporation of injected fuel. 

Among the pre-chamber nozzle hole design parameters, the number 
of holes is closely related to the differences in the tumble ratio. If the 
number of pre-chamber nozzle holes is odd, the tumble flow could occur 
in the pre-chamber due to asymmetric flow, as shown in Figs. 14 and 15. 
In the tumble ratio about the y-axis, the tumble flow was enhanced when 
the number of pre-chamber nozzle holes was 5 because the pre-chamber 
nozzle hole was biased with respect to the y-axis. 

The pressure difference between the pre-chamber and main chamber 
increased as the pre-chamber nozzle hole area decreased, as found in the 
result for different nozzle hole diameters (Fig. 16). 

In Fig. 17, the combustion phase is presented for different number of 
pre-chamber nozzle holes. When the number of nozzle holes was 5, the 
ignition delay was shorter than those of other cases and was caused by 
the enhanced tumble flow in the pre-chamber. When the number of 
nozzle holes increased, the ignition timing was retarded, possibly 
because the pre-chamber throat volume was not sufficient for mass 
transport from the pre-chamber to the main chamber when the number 
of pre-chamber nozzle holes was 6. The peak pressure associated with 
the jet velocity in dual fuel mode increased as the number of nozzle holes 
decreased. 

Flame propagation is related to the jet velocity from the pre- 
chamber. As shown in Fig. 18, ignition was fastest when the number 
of pre-chamber nozzle holes was 5, but flame propagation quickened as 
the number of pre-chamber nozzle holes decreased. 

As the number of pre-chamber nozzle holes increased, the combus-
tion duration also increased. Thus, due to the increase in positive work, 
the gross IMEP rose to 0.8% as the number of pre-chamber nozzle holes 
as shown in Fig. 19. 

THC formation was dramatically reduced by the pre-chamber com-
bustion system, as explained in Section 3.2. 

NOx formation decreased as the number of pre-chamber nozzle holes 

increased, and this was related to the peak pressure in dual fuel mode 
operation. Therefore, the NOx emissions increased with the number of 
pre-chamber nozzle holes. 

In diesel mode operation, as in dual fuel mode, the combustion 
phasing was slightly advanced when the number of pre-chamber nozzle 
holes was 5 (Fig. 20(b)). Consequently, near the peak pressure, the high- 
temperature region was wider and peak cylinder pressure was the 
highest when the number of pre-chamber nozzle holes was 5 (Fig. 21). 
However, because the jet velocity is associated with the pre-chamber 
nozzle area, an increase in the number of nozzle holes correlates with 
a longer combustion duration. 

The initial soot formation is determined by the jet velocity and flame 
structure. As the pre-chamber nozzle hole number increased, the jet 
velocity decreased, but the number of jets increased. Thus, increasing 
the number of nozzle holes was less effective for flame distribution in the 
radial direction but more effective for wider flame distribution in the 
angular direction. Fuel vapor distribution can be inferred from the flame 
distribution. When there were less than 6 pre-chamber nozzle holes, the 
radial flame propagation was similar, but the angular flame propagation 
was wider. However, when there were 6 pre-chamber nozzle holes, the 
jet velocity decreased noticeably, and the fuel vapor was not distributed 
over as wide an area as in the other conditions. Therefore, the initial soot 
formation from highest to lowest follows the number of pre-chamber 
nozzle holes in the order of 5, 4, and 6 (Fig. 22). After C.A. 20 deg, 
the jet from each nozzle hole merged when there were 5 nozzle holes, 
and the front flame area was wider when there were 4 nozzle holes 
compared with 5 holes. Due to the wide flame diffusion area after C.A. 
20 deg when the number of pre-chamber nozzle holes was 4, the higher 
soot oxidation rate produced almost the same amount of soot as when 
the number of pre-chamber nozzle holes was 5. 

A 5-hole pre-chamber design, produced the highest combustion 
temperature and widest flame diffusion area in the early combustion 
process, generating the most NOx emissions, followed by nozzle hole 
numbers 4 and 6 in that order. 

In dual-fuel mode, the increase in the number of the pre-chamber 
nozzle holes had the effect of increasing the IMEP and reducing the 
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NO, similarly to the increase in the nozzle hole diameter. However, in 
diesel mode, there was a noticeable decrease in jet velocity form nozzle 
hole number of 6 due to limited throat area, which adversely affected 
soot formation. 

3.4. Influence of the pre-chamber nozzle hole angle 

The relationship between the jet from the pre-chamber nozzle and 
the piston is an important factor in combustion performance. Thus, the 
influence of pre-chamber nozzle hole angle was investigated. 

Changing the pre-chamber nozzle hole direction angle alters the 
targeting of the jet from the pre-chamber. As the direction angle 

decreases, the jet targets the piston. If the jet is ejected toward the pis-
ton, flame mixing occurs through jet impingement and sliding in the 
piston bowl. Thus, as the jet direction goes toward the piston, the flame 
mixes in the piston bowl and is propagated in a more united form, as 
shown in Fig. 23. Through this additional process, the flame speed 
decreased when the jet was targeted toward the piston in dual fuel mode 
operation. 

As the flame propagation speed decreased with decreasing nozzle 
direction angle, the combustion duration lasted longer. As a result, the 
peak pressure decreased and the combustion phasing was retarded 
(Fig. 24). 

The gross IMEP remained almost the same as the nozzle hole 
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direction angle changed. With the increase in the nozzle hole direction 
angle, the NOx emissions increased because of the higher combustion 
temperature. Very little THC was produced in the pre-chamber com-
bustion system. See (Fig. 25). 

In diesel mode operation, combustion occurs in the region containing 
the diesel fuel vapor from the pre-chamber; thus, the combustion 
progress depends on the diesel fuel vapor propagation. As shown in 
Fig. 26, the flame propagation with various pre-chamber nozzle targets 
has different trends from those in dual fuel mode operation. In diesel 
mode, the combustion duration lasted much longer than in dual fuel 
mode. Therefore, the momentum of the jet was weakened by the 
decreasing pressure difference between the pre-chamber and main 
chamber during C.A. 15 deg to C.A. 30 deg. Then, the piston’s rapid 
downward movement pulled the fuel out of the pre-chamber, producing 
another momentum for propagation during C.A. 15 deg to C.A. 30 deg. 
When the nozzle hole direction was directed toward the piston, the jet 
containing the diesel fuel vapor impacted the piston bowl and then 
moved along it. However, when the nozzle hole direction was directed 
toward the liner, the jet had no way to obtain additional momentum. 
Thus, the flame propagated more quickly when the nozzle hole was 
directed toward the piston. 

The fast and even flame propagation when the nozzle hole direction 
angle was 60 deg produced the highest integrated heat release rate, 
which represents combustion efficiency (Table 5). Because the com-
bustion phasing is calculated based on the integrated heat release rate, 
the combustion duration was the longest and the most delayed for this 
case (Fig. 27). 

As inferred from the flame structure, the initial soot formation 
decreased as the nozzle hole direction angle decreased, as shown in 
Fig. 28. This is because the more wrinkled flame front area when the 
nozzle hole direction was 70 deg or 60 deg provided more soot oxidation 
area, as shown in the temperature distribution and flame in Fig. 26. 
Therefore, soot formation decreased when the pre-chamber nozzle hole 
direction angle decreased. 

The peak pressure remained almost the same for all direction angles, 
but the front area of the flame diffusion decreased with the pre-chamber 
nozzle hole direction angle in the order of 70 deg, 60 deg, and 80 deg 
during flame propagation. Thermal NOx formed in this area; thus, NOx 
production decreased for the same direction angle order. 

As the pre-chamber nozzle hole direction was toward the piston 

bowl, the flame spreads in a more united form due to the effect of flame 
mixing. As a result, it had a positive effect on the efficiency and NOx of 
dual-fuel mode, and soot of diesel mode. 

3.5. Effect of a pre-chamber combustion system 

To evaluate the efficiency and emissions of the pre-chamber com-
bustion system compared with the conventional engine system, the 
normalized results regarding efficiency and emissions are represented in 
Table 6. 

Table 6 presents the gross IMEP, NOx, and THC that were normalized 
based on data for a conventional engine without a pre-chamber in dual- 
fuel operation mode. By applying a pre-chamber combustion system, the 
gross IMEP increased to a maximum of 0.8% compared with the con-
ventional engine. Due to the rapid and even flame spread, the amount of 
THC production was significantly reduced in the pre-chamber combus-
tion system. However, the high peak combustion pressure due to the 
short combustion period resulted in increased NOx production, indi-
cating a trade-off with THC formation. These results indicate that the 
optimal design includes a pre-chamber nozzle hole diameter of 2.4 cm, 4 
pre-chamber nozzle holes, and a pre-chamber nozzle hole direction 
angle of 60 deg. 

In diesel mode operation, the NOx production was reduced due to the 
prolonged combustion period (Table 7). However, the soot formation 
increased compared with that of the conventional diesel engine. This 
was because a fuel-rich region was formed as a large amount of diesel 
fuel was injected into the pre-chamber having a relatively small volume 
compared with the main combustion chamber. Considering the soot and 
NOx production, a pre-chamber nozzle design with a hole size of 2.4 cm, 
4 holes, and a nozzle hole direction of 60 deg demonstrated the best 
results also in diesel mode. 

Applying the pre-chamber combustion system to the heavy-duty 
engine increased the engine efficiency by up to 0.8% and decreased 
the methane slip, resulting in a significant reduction in THC in dual-fuel 
mode. In diesel mode, when the optimal pre-chamber design was 
applied, the NOx production decreased by 50% compared with that of 
the conventional engine. However, when pre-chamber was applied, NOx 
production increased in dual-fuel mode and soot production increased in 
diesel mode. Comparing the results of dual-fuel mode and diesel mode, it 
is considered that there will be a condition in which NOx and soot do not 
deteriorate while maintaining the advantages of current pre-chamber 
application results depending on the ratio of methane and diesel. 
Therefore, to solve these problems and practically apply pre-chamber to 
a heavy-duty engine, additional research on engine operation strategies 
involving, for example, the ratio of methane fuel and diesel fuel and 
micro pilot diesel injection timing is required. 

Table 5 
Integrated heat release rates with different nozzle hole direction angles.  

Pre-chamber nozzle direction angle Integrated heat release rate 

60 deg 189410 J 
70 deg 181520 J 
80 deg 178422 J  

Fig. 27. (a) In-cylinder pressure and heat release rate and (b) combustion phasing based on the pre-chamber nozzle hole direction angle in diesel mode operation.  
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4. Conclusion 

In this study, we conducted CFD analyses to investigate the com-
bustion process of a pre-chamber system and understand how pre- 
chamber design parameters influenced engine efficiency and emissions 
in both dual fuel and diesel-only operation modes. The results are as 
follows.  

1. In pre-chamber combustion systems, the combustion has occurred in 
three stages. It was clearly distinguished by in-cylinder heat release 
rate during combustion. In dual-fuel mode, stages were shown in 
order of combustion in pre-chamber, ejection of flame jet and its 
propagation, and fast flame propagation by wide flame area. On the 
other hand, in diesel mode, the combustion occurred in the sequence 
of combustion in pre-chamber, ejection of jet and mixing controlled 
combustion, and late burning from the rest of fuel. The flame diffu-
sion area which affected the soot and NOx formation was determined 
by the shape of ejected fuel to the main chamber through the nozzles 
in pre-chamber.  

2. In dual fuel mode operation, the gross IMEP increased by up to 1.1% 
as the pre-chamber nozzle hole diameter increased from 1.6 cm to 
2.4 cm as a result of the longer combustion duration after TDC 

induced more positive work. A peak pressure decrement led to 
reduced NOx emissions with increasing nozzle hole diameter. In 
diesel mode, soot production was the lowest and the most even fuel 
distribution was produced in the main chamber when the nozzle hole 
diameter was 2.4 cm. NOx emissions were the highest when the hole 
diameter was 1.6 cm due to the flame diffusion area.  

3. When the number of nozzle holes was 5, the ignition delay was 
shortened due to the enhanced tumble. In dual fuel mode operation, 
the gross IMEP increased up to 0.8% as the hole number varied from 
4 to 6. Furthermore, the decreased peak pressure caused by the 
slower flame jet velocity as the hole number increased resulted in 
reduced NOx formation. In diesel mode operation, when the number 
of nozzle holes was 6, the slow flame jet interrupted the diesel fuel 
supply to the main chamber, causing the highest production of soot. 
NOx formation was highest when the nozzle hole number was 5 
because of the high peak pressure from the combustion phasing.  

4. Changing the pre-chamber nozzle hole direction angle changed the 
flame structure. In diesel mode operation, angling the nozzle direc-
tion toward the piston effectively enhanced combustion efficiency 
and reduced soot formation.  

5. When comprehensively evaluating in dual-fuel and diesel modes, the 
most optimal results were obtained with a pre-chamber nozzle hole 
diameter of 2.4 cm, 4 nozzle holes, and a direction angle of 60 deg. 
As compared with a conventional heavy-duty engine, the engine 
efficiency was increased by up to 0.8% and THC was significantly 
reduced in dual-fuel mode with a pre-chamber combustion system. 
The NOx production decreased by 50% in diesel mode. However, the 
deterioration of NOx in dual-fuel mode and soot in diesel mode 
occurred. Therefore, future research on engine operating strategies 
involving the ratio of methane and diesel fuel, as well as injection 
strategies is required. 
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Fig. 28. Soot and NOx history in the combustion chamber based on the pre- 
chamber nozzle hole direction angle in diesel mode operation. 

Table 7 
Normalized Soot and NOx based on data for a conventional engine w/o pre- 
chamber in diesel mode operation.  

Normalized based on data w/o pre-chamber Soot NOx 

Pre-chamber 
nozzle hole dia. 

Pre-chamber 
nozzle hole num. 

Pre-chamber nozzle 
direction angle 

1.6 cm 4 60 deg  78.0  0.52 
2.0 cm  130.3  0.45 
2.4 cm  38.2  0.50 
1.6 cm 4 60 deg  78.0  0.52 

5  84.4  0.55 
6  146.5  0.39 

2.4 cm 4 60 deg  38.2  0.50 
70 deg  92.9  0.53 
80 deg  126.9  0.44  

Table 6 
Normalized Gross IMEP, NOx, and THC based on data for a conventional engine 
w/o pre-chamber in dual-fuel mode operation.  

Normalized based on data w/o pre-chamber IMEP NOx THC 

Pre-chamber 
nozzle hole 
dia. 

Pre-chamber 
nozzle hole 
num. 

Pre-chamber 
nozzle direction 
angle 

1.6 cm 4 60 deg  0.997  6.679 1.1E- 
4 

2.0 cm  1.007  5.841 1.4E- 
4 

2.4 cm  1.008  5.053 1.3E- 
4 

1.6 cm 4 60 deg  0.997  6.679 1.1E- 
4 

5  1.005  6.447 1.2E- 
4 

6  1.006  5.655 1.1E- 
4 

2.4 cm 4 60 deg  1.008  5.053 1.3E- 
4 

70 deg  1.005  5.119 1.2E- 
4 

80 deg  1.007  5.715 1.1E- 
4  
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