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Effects of torch flame strength on the combustion process in medium-speed gas 

engines through pre-chamber orifice specifications 
 
ARTICLE INFO  Gas engines are eagerly introduced for the moment to reduce GHG emissions from the marine 

sector, and could be used by green methane from the methanation process in the future. Pre-

chamber-type gas engines burning lean premixture in a main chamber are the mainstream in the 

medium-speed engine range. Although the ejection behaviour of torch flames from the pre-

chamber has a significant impact on the combustion in the main chamber, there are few research 

examples of confirming the effects of the pre-chamber specifications by actual observation of the 

combustion process. In this study, a constant-volume chamber was prepared to reproduce the 

combustion chamber near the top dead centre of a medium-speed gas engine, to visualize its whole 

combustion chamber, and to investigate the effects of the pre-chamber specifications. The validity 

of the CFD simulation based on the RANS turbulence model and the possibility of a design index 

for the ejection strength of torch flames were also examined. 
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1. Introduction  
Acceleration of global warming justifies the Paris 

Agreement to achieve the carbon neutrality target by 2050. 

As for the transportation sectors, radical progresses are 

being made in the development of electrification [29] and e-

fuels [5, 16] to decarbonize prime movers in the field of 

land transportation, but more generous GHG reduction 

targets were once set for off-road power sources, such as 

industrial engines and marine engines, because of their long 

continuous operating time, and high average engine load, 

which results in the difficulty in electrification. At IMO/ 

MEPC 80 in 2023 [12], however, it was announced that the 

marine industry would follow the same path as other sectors 

to accomplish the carbon neutrality by 2050, and mid-term 

measures were proposed to reduce GHG emissions by 20% 

to 30% by 2030 and 70% to 80% by 2040, while its target 

for the introduction of carbon-free marine fuels such as 

hydrogen and ammonia, which are essential to achieving 

the carbon neutrality, was set at a mere 5% to 10% of the 

fuel share by 2030. For the time being, therefore, it is ex-

pected that GHG emission reductions will be promoted by 

introducing low-speed and medium-speed gas engines with 

natural gas (NG) fuelled [2], and once the production of 

hydrogen, the raw material for carbon-free fuels, becomes 

widespread, it is also promising to continue utilising these 

gas engines using green methane (e-gas) synthesized 

through methanation [24]. 

Unlike low-speed marine gas engines, which operate in  

a two-stroke cycle with premixed or diffusion combustion 

mode and can be tolerated with modest mean effective 

pressure [8, 13], a lean-burn premixed combustion gas 

engine (LBGE, hereafter) has become mainstream [17] in 

the field of medium-speed range thanks to its less fuel gas 

compression work, better thermal efficiency by a high de-

gree of constant-volume [15], and lower NOx emissions. 

Nevertheless, medium-speed LBGEs’ combustion chamber 

of c.a. 200 mm or more in bore exceeds the knock limit 

bore ( 100 mm) of gasoline-fuelled SI engines and 

forces them to operate within a narrow range of air-to-fuel 

ratio (AFR) between the knock limit at richer AFR and the 

misfire limit at leaner AFR [23]. So, avoiding pre-ignition 

and knocking at higher engine loads, and misfiring at lower 

loads, has been the major challenge for LBGEs [18, 25, 28]. 

In addition, regardless of engine loads, excessive cycle-to-

cycle variation and unburned fuel emissions are also worry-

ing problems of LBGEs [9, 10].  

After all, it is essential to enhance the ignition energy for 

the premixture in the combustion chamber of medium-

speed LBGEs. Two ignition methods are the mainstream 

for that purpose. One is a spray flame by direct pilot injec-

tion of diesel fuel as seen in so-called “dual-fuel” engines 

[11], and the other is torch flames ejected through the ori-

fices of a pre-combustion chamber (abbreviated as pre-

chamber or PC in the study) mounted in the upper centre of 

the main combustion chamber (MC). The PC-type ignition 

is preferred for medium-speed LBGEs because it allows the 

usage of an ignition plug in the PC to realise mono-fuel 

operation and to be free from NOx and soot emissions de-

rived from diesel sprays [1]. More specifically, the PC with 

a dedicated supply path for fuel gas is called an Active PC 

(APC), and the one without the path is a passive PC. The 

former has a larger PC volume, realizes the mixture stratifi-

cation from PC to MC, and strengthens the ignition poten-

tial and penetration of the torch flame. The APC is used 

exclusively for medium-speed LBGEs with a bore of over 

200 mm, which requires higher ignition energy. In the 

APC, many factors such as the ignition energy, the PC 

volume, and the number and diameter of the orifice open-

ings may affect the ejection behaviour of the torch flame, 

but these effects have not been clarified quantitatively 
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enough because of a lack of full observations of in-cylinder 

phenomena of gas engines. 

In the previous study [3], using a constant-volume cham-

ber (CVC) that simulated a combustion chamber geometry 

near the top dead centre of an APC-type medium-speed 

LBGE, the authors visualized the ejection process of torch 

flames in detail and investigated the effects of the orifice 

specifications on the penetration and spreading angle of the 

torch flames. It was also shown that the measured results 

could be reasonably simulated by a 3D-CFD code imple-

mented with a RANS-type turbulence model [22] and  

a detailed reaction scheme for methane [4]. All the experi-

ments, however, were executed under incombustible MC 

gas conditions by filling the MC with pure nitrogen since 

the study focused on the correlation between the PC orifice 

specifications and the ejection behaviour of the torch flame. 

So, it is necessary to continue a comparative investigation 

both experimentally and numerically under combustible 

MC gas conditions by filling it with CH4/air premixture to 

evaluate the effects of the torch flame ejection on the com-

bustion process in the MC. 

Considering many experimental and numerical results 

have accumulated for various types of medium-speed LBGEs 

[6, 7, 20, 21], it may be worth proposing a practical design 

index that estimates the ejection strength of the torch flames 

based on the PC specifications when designing the combus-

tion chamber of an APC-type medium-speed LBGE.  

An index for the ejection strength of the torch flame, so-

called “jet intensity”, has already been proposed for an 

APC-type small high-speed gas engine [19], but other than 

the engine dimensions and speeds, there are non-ignorable 

differences between APC-type medium-speed LBGEs and 

the relevant high-speed gas engine. Its fuel injector is locat-

ed only in the PC instead of the separate fuel supply lines to 

both chambers, its ignition plug is located near the bottom 

of the PC instead of near the top of the PC, and so on. So, 

careful consideration is necessary before applying such an 

index. 

Generally, the correlation between the torch flame ejec-

tion intensity and the pre-chamber specifications has not 

been fully clarified, especially for larger medium- or low-

speed LBGEs. The reason can be that almost no studies 

have been made that have hierarchically classified the fac-

tors that can cause the problems of pre-chamber-type gas 

engines and investigated the true causes step by step. For 

example, possible causes of excessive cycle-to-cycle fluc-

tuations include variations in the combustion speed due to 

excessive stretch of the lean premixed flame by the torch 

flame, excessive turbulence intensity of the pre-chamber 

flow excited by direct fuel injection and the inflow flux 

during the compression stroke, and asymmetry of the pre-

chamber flow due to the eccentricity of the swirling flow in 

the main chamber and the above-mentioned complex flux 

in the pre-chamber. However, since these factors are com-

bined in an actual engine, it is extremely difficult to identify 

the true cause. Therefore, it is important to first visualize 

the ejection behaviour of the torch flame in the entire com-

bustion chamber under rather static conditions where there 

is no inflow flux due to compression or in-cylinder flow in 

the main chamber, and to understand the influence of the 

pre-chamber specifications and the presence or absence of 

cycle-to-cycle fluctuations. 

In this study, from the above perspective, the correlation 

between the ejection behaviour of the torch flames and the 

combustion process in the MC was investigated both experi-

mentally and numerically in the same manner as the previous 

study by filling the MC of the CVC with a CH4/air premix-

ture. The validity of the jet intensity index was examined by 

the observed ejection behaviours of the torch flame under 

comparative conditions with an APC-type medium-speed gas 

engine based on the PC orifice specifications. 

2. Experimental and numerical procedures 

2.1. Experimental apparatuses and procedures 

Figure 1 and Table 1 show the central cross-section and 

main specifications of the constant-volume chamber (CVC) 

used in the study. It is the same as the one used in the au-

thors' previous study [3], so its features are briefly summa-

rised here. The CVC consists of a simple pancake-shaped 

main combustion chamber (MC) with a bore of 240 mm 

and a height of 30 mm. A pre-combustion chamber (PC) is 

mounted on the central axis of the CVC’s top lid and pro-

trudes to about half the height of the MC. The PC with 

orifices near its bottom houses an ignition plug and a high-

pressure gas injection valve around its top. The configura-

tion well reproduces the clearance volume of a medium-

speed LBGE. The PC geometries, such as orifice diameter 

and the number of orifices, can be changed by replacing  

a PC tip part attached to the bottom of the PC. The details 

of the tested PC geometries will be explained later. 

 

 Fig. 1. Cross-sectional views of the CVC 

 
Table 1. Main specifications of CVC 

Main chamber (MC): DMC × HMC 240 mm × 30 mm 

Pre-chamber (PC): DPC × HPC 
20 mm × 65 mm 

(upper part of PC) 

Optical window: DW × HW 
260 mm × 100 mm 

Fused quartz glass 

Max. in-chamber press. 10 MPa 

Ignition device in PC Spark plug 

Mixture supply system PC and MC separated 

Primary for artificial air O2 + N2 

Secondary for fuel gas CH4 

 

Figure 2 shows a system diagram for blending and sup-

plying the premixture for the MC and the PC of the CVC. 

Both chambers are independently controlled to simulate an 

Spark plug 

Press. pickup 

PC orifice 

Visualization direction of shadowgraph 

Main chamber 

Pre-chamber; PC 

Quartz glass 

Check valve for PC 
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Active PC type (APC-type) medium-speed LBGE. The 

system consists of primary mixer tanks blending artificial 

air from pure O2 and N2, secondary mixer tanks adding 

methane (CH4) to the artificial air to prepare a premixture 

of CH4/air, and sets of a solenoid valve and a pressure regu-

lator with a built-in pressure sensor before and after the 

tanks. The exit of the secondary mixer tank for the PC is 

connected to the high-pressure gas injection valve to realize 

the APC-type fuel supply, while the exit of the secondary 

mixer tank for the MC is connected to the MC directly 

through a set of solenoid valves and a pressure regulator. 

An exhaust/vacuum line is also connected to the MC to 

scavenge the burned gas into a sample bag for emission 

analysis and to evacuate the whole system for the next 

experiment. The experimental procedure is as follows. 

First, two combustion chambers, mixer tanks, and all con-

nection pipes are evacuated. Second, the MC and PC are 

filled with the component gases up to the specified partial 

pressure. Third, a thyristor shuts off the current to an igni-

tion coil, and spark ignition happens in the upper part of the 

PC. At last, after the combustion ends, the burned gas in the 

CVC is collected into a sample bag for emission analysis.  

A CPU electronically controls all the solenoid valves and 

pressure regulators with a specified time sequence. Each 

pressure regulator is optimized for pressure control accura-

cy according to the control range. 

 

Fig. 2. System diagram for blending and supplying the premixture for the 
 main chamber and the pre-chamber of the CVC 

2.2. CFD sub-models and mesh setup 
The 3D-CFD simulation by CONVERGE in the previous 

study by the authors [3] is continuously applied to repro-

duce the combustion phenomena in the CVC that simulated 

a chamber geometry of a PC-type medium-speed LBGE.  

A RANS turbulence scheme based on the RNG k- turbu-

lence model is adopted to save computational load and 

time, considering the larger scale of medium-speed LBGEs 

and the practical CFD usage in the design phase. As for the 

combustion-related reactions, the SAGE detailed chemical 

kinetics solver by Senecal [22] is activated only in cells that 

pass threshold levels of temperature and HC mole fraction 

specified in CONVERGE. The multizone chemistry model 

by Babajimopoulos [4] was used to expedite the detailed 

chemistry calculations. The reaction mechanism is the re-

duced version of GRI-Mech1.2 by Kazakov [14] with an 

enhanced Zeldvich mechanism embedded and consists of  

 

26 species and 107 reactions for methane. The spark igni-

tion in the PC was numerically substituted by the energy 

source model. The jets of the unburned PC mixture were 

identified by setting the boundary concentration of marker 

PC gas to 1.0 mass%, and the torch flames, including the 

ignited MC mixture, were identified by setting the bounda-

ry cell temperature to 350 K or higher. 

The meshing strategy was kept the same as the previous 

study [3], such as the usage of a rectangular Cartesian coor-

dinate instead of a cylindrical coordinate concerning the 

constraint of axisymmetric alignment due to the central axis 

setting, but a finer mesh than the previous one was sup-

posed to be necessary for better prediction of the ignition 

process of the MC premixture by the torch flame and the 

following flame propagation. The size and the number of 

the cells were changed as follows. The initial grid interval 

in the PC volume was halved from 1.0 mm to 0.5 mm. This 

reduction scheme was the same for a volume of a truncated-

cone shape attached to the exit of orifices with a minimum 

diameter of about 8 mm and with a spread angle of about 

30 degrees, while the grid interval in the PC orifices was 

reduced from 0.5 mm to 0.25 mm. The total number of cells 

is initially set to c.a. 1.0 million, about 4 times what it was 

in the previous study. As before, the Adaptive Mesh Re-

finement (AMR) was activated based on the local gradient 

in temperature and velocity between the cells, but the min-

imum grid interval was reduced from 0.5 mm to 0.25 mm 

and the maximum number of cells was increased from 1.5 

million to 20 million, although both parameters were au-

tonomously adjusted by the AMR. All the wall tempera-

tures of the combustion chambers were set to 290 K. The 

heat loss to the wall surfaces was predicted by the turbulent 

heat transfer model using the boundary layer treatment 

based on the nondimensional distance y+ and the turbulent 

kinetic energy. For a better understanding of the calculation 

results, preceding jets of unburned PC mixture and follow-

ing torch flames should be distinguished from the charge 

gas or the mixture in the MC. As before, the gas compo-

nents originating from the PC mixture were identified as 

marker gases. 

3. Experimental conditions 
Table 2 lists the experimental conditions for both com-

bustion tests and numerical simulations. Setups for photo-

graphing the combustion phenomena in the MC are includ-

ed in the lower lines of the table.  

 
Table 2. Experimental conditions 

PC initial charge gas CH4/air premixture, λPC = 1.0 

MC initial charge gas 

Pure nitrogen (λMC = 0/0) 

Artificial air (λMC = ∞) 

CH4/air premixture (λMC = 1.7) 

Charged gas state 1.0 MPa, 290 K 

PC geometry PC1PC5 on Table 3 

Ignition device Ignition plug in PC 

Frame rate 20,000 fps 

Resolution 1024×1024 pixels 

Exposure time 10.0 s 
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Table 3. Main specifications of the tested PC geometries 

 

 
Fig. 3. Cross-sectional view of 

reference PC geometry (PC1) 

 Orifice specifications   

PC  

geometry 

Diameter 

Do [mm] 

Length 

Lo [mm] 

Aspect ratio 

Lo/Do [-] 

Number of 
holes 

No [-] 

Total opening 
area 

Ao [cm2] 

Throat 
diameter 

Dt [mm] 

Chamber 
volume ratio 

VPC/VMC [%] 

PC1 3.5 7.5 2.14 8 0.770 15 2.3 

PC2 4.0 7.5 1.86 6 0.754 15 2.3 

PC3 3.1 7.5 2.42 10 0.755 15 2.3 

PC4 2.5 7.5 3.00 8 0.393 15 2.3 

PC5 5.0 7.5 1.50 8 1.571 15 2.3 

 

Following the typical mixture formation in actual APC-

type LBGEs, the PC was always filled with a stoichiometric 

(λPC = 1.0) CH4/air mixture to secure stable ignition in the 

PC and to enhance torch flames, while MC gas conditions 

changed by the experimental requirements. In the previous 

study [3], the MC had been filled with pure nitrogen 

(λMC = 0/0) by shutting off a solenoid valve for supplying 

oxygen to the primary mixer tank and a corresponding 

valve for CH4 to the secondary mixer tank. In the case of 

the combustible MC gas conditions, a CH4/air mixture of an 

equivalence ratio; λMC = 1.7 was blended in the secondary 

mixer tank. Additionally, the artificial air was tried out as 

an MC charge gas to examine the effects of the continua-

tion of the combustion reactions of the torch flame with  

a reference PC Since the detailed investigation had been 

already done under incombustible MC gas conditions, only 

the PC geometries for changing the number of orifices and 

the orifice diameter were selected in this study. 

Table 3 summarizes the specifications of tested PC ge-

ometries identified as PC1~PC5. PC1 was selected as  

a reference PC geometry, in which the orifice diameter; Do 

is 3.5 mm, and the number of orifices; No is set to 8. 

Figure 3 shows a cross-sectional view of the reference 

PC (PC1). All the orifices of the PCs are horizontally bored 

to make it easy to measure the penetration and spread cone 

angle of the torch flame from the visualized flame images. 

PC2 and PC3 have No of 6 and 10, respectively, and their 

Do  is determined so that the total orifice opening area is 

almost the same as that of PC1. For PC4 and PC5, No is set 

constant at 8 and Do is set to 2.5 mm and 5.0 mm, re-

spectively. 

4. Results and discussion 
4.1. Comparison of torch flame developments in various 

MC in-chamber gas 

Although already detailed in [27], it would be better to 

briefly mention the effects of the MC in-chamber gas's 

reactivity on the torch flame's development process. 

Figure 4 compares the temporal changes in averaged Lf 

and θf  of torch flames from the standard PC (PC1) by 

changing the MC in-chamber gas from nitrogen ( λMC =
0/0) through air (λMC = ∞) to a premixture (λMC = 1.7). 

For reference, observation results of Lf  under λMC = 0/0 

conditions were well approximated to a steady gas jet re-

gardless of the nozzle orifice specifications because it 

showed the relation of Lf  ∝  t0.5 with time; t on the ASOE 

basis.  

As shown in the figure, Lf  was almost the same for 

λMC = ∞ and λMC = 1.7 except for the developing stage of 

the torch flame, and Lf for λMC = 0/0 was shorter than for 

other in-chamber gases. This suggests that the MC in-

chamber gas was entrained into the torch flame immediate-

ly after the preceding unburned PC mixture jets out, that the 

increase in Lf was caused by the flame advance to the pre-

ceding unburned PC mixture [26], and that λMC = ∞ need-

ed a longer time than λMC = 1.7 for the unburned premix-

ture to ignite and merge with the torch flame. In addition, L̇f 

at λMC = 1.7 was the highest at the start of the torch flame 

ejection, but it slowed down sharply as the flame developed 

and became the lowest near 10 ms ASOE.  

θf was almost constant at around 20 deg. at λMC = 0/0 

and λMC = ∞ , whereas θf  at λMC = 1.7  was consistently 

larger than other λMC  conditions and increased with time, 

reaching 30 deg. at 10 ms ASOE. This indicates that the 

flame propagation in the main chamber occurs mainly in 

the spreading direction, not in the injection direction. 

 

Fig. 4. Effects of the reactivity of the in-chamber gas of the MC on torch 

flame penetration: Lf (upper half) and its spreading angle: θf (lower half) 

 by PC1 with No = 8 and Do = 3.5 mm 
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Figure 5 exemplifies the shadowgraph images of the 

torch flame under the three MC in-chamber gas conditions 

at 4, 8, and 12 ms ASOE. Reflecting that the MC premix-

ture was entrained in the torch jet and the flame propaga-

tion started into the unburned MC premixture, the differ-

ence in brightness between the burning region and the 

background of the shadowgraph was the largest at λMC =
1.7 of the three since the torch flame temperature was the 

highest in the area. 

 

Fig. 5. Ejection behaviours of torch flames under different MC in-chamber gas 

conditions; λMC = 0/0 : N2 (top), λMC =  : air (middle), and λMC = 1.7 : 

 premixture of CH4/air (bottom) with reference PC1 (No = 8, Do = 3.5 mm) 

 

On the other hand, the difference was roughly negligible 

in λMC = ∞ and λMC = 0/0. It is inferred Lf at λMC = 0/0 

was shortened by the ignition difficulty of the preceding 

pre-mixture jet originating from the PC that was indicated 

by the arrow “A”s in the figure. When the flame enhance-

ment mentioned above, after τf reached the tip of the PC-

originating jet, which included the preceding unburned PC 

mixture, the entire torch flame transitioned to a spindle-

shaped or snake-head profile. It can also be seen that Lf at 

λMC = 1.7 was equivalent to that at λMC = ∞ , but flame 

propagation to the MC premixture mainly progressed in the 

direction of increasing θf. In other words, the earlier com-

bustion in the MC of the CVC, where the mixing and com-

bustion promotion effects of in-chamber flow cannot be 

expected, is not a pure flame propagation from torch flame 

as an ignition source, but rather the entrainment and igni-

tion of the premixed air-fuel mixture in the MC by the 

torch flame proceeds in parallel. Furthermore, as shown 

by the arrow “B”, it can be noted that Lfi of 1015 mm 

from the orifice exit was observed in the case of λMC = 1.7. 

Figure 6 shows the prediction results of the progression 

of the  PC premixture and the following torch preceding

flame in the MC during 110 ms ASOE under two MC in-

chamber gas conditions: λMC = 0/0 and λMC = 1.7.  The 

unburned premixture from PC is painted in yellow, and the 

burning region in red. The tip penetration of the PC premix-

ture was roughly the same in both conditions, but Lf  at 

λMC = 1.7  was consistently longer than Lf  at λMC = 0/0 

from 1 ms ASOE, that is, immediately after the ejection 

start of the torch flame. The torch flame at λMC = 1.7 then 

quickly advanced to the tip of the PC-originating mixture, 

and θf also rapidly expanded, as shown in the figure. Alt-

hough neither τfi nor Lfi was predicted by the simulation, it 

can be said that many of the considerations based on the 

observation results were well supported by the CFD, and Lf 

and θf in a combustible MC in-chamber gas were favoura-

bly reproduced just as a non-combustible MC in-chamber 

gas condition. 

4.2. Effects of the number of PC orifices 

The number of PC orifices: No  is an important design 

factor related to the spatial distribution and total surface 

area of torch flames. PCs of No = 6 (PC2), No = 8 (PC1), 

and No = 10 (PC3) were selected to investigate the effects 

of No. Each PC geometry has a common VPC and Lo, and its 

own Do  adjusted to have almost the same Ao. The orifice 

aspect ratio changes from 1.86 (PC2) through 2.14 (PC1) to 

2.42 (PC3). In general, smaller No  gives larger ejection 

momentum pre torch flame and longer Lf . The measure-

ment results at λMC = 0/0  in the previous study by the 

authors [3] were consistent with the tendency. 

 

Fig. 6. Effects of MC in-chamber gas on developing process of PC-origin proceeding unburned gas jets and torch flame with reference PC1 (No = 8, 

Do = 3.5  mm) with λMC = 0/0  (N2, upper row) and λMC = 1.7  (premixture of CH4/air, lower row). Unburned premixture originating from PC 
 painted in yellow and burning region painted in red 
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Figure 7 shows the temporal changes of Lf  and θf  ob-

served in the tested PCs adding the corresponding changes 

for PC1 at λMC = 0/0  for comparison. The above-

mentioned tendency of Lf versus Nowas confirmed again at 

λMC = 1.7. As pointed out in the previous section, L̇f at the 

early ejection stage up to 2 ms ASOE was much higher at 

λMC = 1.7 than at λMC = 0/0. Still, it can be pointed out 

that L̇f rapidly reduced in the later ejection stage around 10 

ms ASOE and the effect of Nori  became relatively small 

when considering Lf  at No = 8  and No = 10  are almost 

equal, and Lf at No = 6 slowed down to near stagnation in 

the later ejection stage. These can be recognized as the 

differences from the λMC = 0/0 case. 

 

  
   

Fig. 7. Effects of number of PC orifices; No on torch flame penetration: Lf and its spreading angle: θf by PC2 (No = 6, Do = 4.0 mm), PC1 (8, 3.5 

 mm), and PC3 (10, 3.1 mm) respectively with ca. same Ao 

 

 

Fig. 8. Effects of the number of PC orifices; No on ejection behaviour of torch flame by PC2 (No = 6, Do = 4.0 mm), PC1 (8, 3.5 mm), and PC3 (10, 

 3.1 mm) respectively, with ca. same Ao. Shadowgraph images (upper row of each island) and simulation results (lower row of each island) 
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On the other hand, the measurement results for θf  at 

λMC = 1.7  condition were rather different from those at 

λMC = 0/0. At λMC = 0/0, the correlation with No  and the 

elapsed time in ASOE was weak, and it was found that θf 

was almost constant over time at around 20 degrees regard-

less of No. However, θf at λMC = 1.7 showed a monotonic 

increase over time in all No  cases, and the differences 

among the tested No were more evident. Specifically, the 

torch flame expanded most rapidly in ±θf direction in the 

No = 6  case, and except for just after the ejection start. 

θf at No = 10, where the torch flame momentum per PC 

orifice was the smallest of the three PCs, was slightly 

wider than θf at all No cases. In addition, it can be noted 

that the increase in θf  at all No  cases temporarily slowed 

down after 4 ms ASOE, and then it tended to increase 

again. This may mean that the torch flame expanded 

enough to contact the upper and lower walls of the MC as 

described below. 

Figure 8 compares the shadowgraph images of torch 

flames with the predicted ones for the three No settings. To 

consider the correlation with the heat release process, the 

display period is set to 120 ms ASOE. In most of the pre-

diction results after 15 ms ASOE, however, the flame im-

age was not available because of the discontinuity of the 

isothermal surface of 350 K. The considerations of the 

shadowgraph images can be summarized as follows. 

As a general trend, 𝜏fi was about 12 ms regardless of 

𝑁o, but 𝜏fi of each torch flame captured in a certain shad-

owgraph image at 1 ms ASOE indicated τfi variated among 

the torch flames. The unburned MC premixture between the 

torch flames seemed hard to burn up at any No even in the 

later combustion stage in the MC. As in the images at least 

after 10ms ASOE, when the tip of the torch flame came 

into contact with the upper and lower MC walls and flat-

tened out, the apparent θf became overestimated.  

The influence is stronger at No = 6, where the volume of 

the torch flame alone was the largest of the three cases, and 

there were flame images in which the original torch flame 

could be distinguished inside the flattened flame near the 

wall (arrow “A”s). By excluding this apparent expansion of 

θf , a smaller number of orifices such as No = 6  can in-

crease both Lf and θf, but the total contact area between the 

MC premixture and the torch flames does not grow because 

of the limitation of the flame growth in ±θf direction, while 

with a bigger number of orifices such as No = 10, the sur-

face area of the torch flame can increase, but a decrease in 

the penetrating momentum of each flame presumably off-

sets this merit. Furthermore, at No = 10, the torch flames 

from the orifices in the upper half of the shadowgraph im-

age had shorter τfi by about 1 ms than the orifices in the 

lower half, and in the downstream of Lfi, the torch flames 

made the immediate and discontinuous transition to the 

expanding flame profile. This is thought to be the reason 

why θf at No = 10 was evaluated to be larger than that at 

No = 8. Torch flames with shorter τfi at No = 10 also lost 

their penetrating momentum more quickly, and they did not 

seem to reach the inner sidewall of the MC and resulted in 

very slow flame propagation to the end gas zone of the MC. 

In the CFD prediction, it should be pointed out that Lf is 

slightly underestimated, τfi  and Lfi  cannot be reproduced, 

so the torch flame expanded immediately after ejection 

from the PC, and the asymmetric flame development due to 

the rectangular mesh is particularly noticeable in the case of 

No = 6. However, the above-described effects of No on the 

ejection behaviour of the torch flame and the subsequent 

combustion process are qualitatively reproduced including 

the flame interconnection in the downstream of Lfi at 

No = 10. In addition, by the 10 ms ASOE, the holes in the 

background colour appeared around the flame tip in all No 

cases. This is because the torch flames being in contact with 

the upper and lower walls of the MC were cooled down and 

the isothermal surface of the burning area became discon-

tinuous. It supports the wall contact and flattening of the 

torch flame described above. 

Figure 9 shows the temporal change of the rate of heat 

release (ROHR) for the three No settings. The black curves 

are the estimated ROHRs based on the measured in-

chamber pressure, and the red curves are the calculated 

ones based on the numerically predicted in-chamber pres-

sure. 

 

Fig. 9. Effects of the number of PC orifices; No on ROHR in the MC by 

PC2 (No = 6, Do = 4.0 mm), PC1 (8, 3.5 mm), and PC3 (10, 3.1 

mm) respectively, with ca. same Ao. Measured ROHRs (black curves), and 
 simulated ROHRs (red curves) 

 

First, considering the measured ROHR under the condi-
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on the heat release process in the MC was relatively small, 

and similar ROHR curves derived in all cases. When No 

increased from 6 to 10, the maximum value of the heat 
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ASOE. Additionally, there was an inflection point in each 

-10    0           20         40            60         80        100 
Time after start of ejection; ASOE [ms] 

R
at

e 
o

f 
h

ea
t 

re
le

as
e 

in
 t

h
e 

M
C

: 
R

O
H

R
 [

k
J/

s]
 

500 

400 

300 

200 

100 

0 
500 

400 

300 

200 

100 

0 
500 

400 

300 

200 

100 

0 

Measured 

Predicted 

 No = 8 

 𝑁o = 10 

Measured 

Predicted 

 No = 6 



 

Effects of torch flame strength on the combustion process… 

10 COMBUSTION ENGINES, 0000, XXX(X) 

ROHR curve around 5 ms ASOE regardless of No, which 

means the combustion in the MC may temporarily stagnate 

in the process of flame development. The smaller the num-

ber of orifices was, the higher the ROHR around 5 ms 

ASOE and the steeper the gradient of the ROHR were. 

All in all, with a small number of nozzle holes, the in-

creased penetrating momentum per torch flame can pro-

mote the early stage of the combustion in the MC, but the 

effect is not enough to compensate for the decrease in flame 

surface area and the enlargement of the gap between the 

torch flames from middle to late stage of the combustion in 

the MC. With a large number of nozzle holes, on the other 

hand, early-stage heat release in the MC slows down be-

cause of the slow ejection speed of torch flames, but the 

following heat release can be partially ensured thanks to an 

increase of the flame sur-face and a decrease of the gap 

between the torch flames. However, the penetrating mo-

mentum per torch flame seems crucial especially for the 

late stage of the combustion because the unburned premix-

ture in the end gas zone needs a forcing ignition source to 

burn up fast instead of the slower flame propagation of the 

leaner CH4-air mixture. 

Next, comparing the predicted ROHRs with the meas-

ured ones, the tendency was consistent for the maximum 

ROHR to be proportional to No, but the large discrepancy 

should be noted because the maximum value itself was 

significantly lower than the measured one and tmax  ad-

vanced to about 4 ms ASOE. As for the total heat release, 

some trial calculations were executed up to several hundred 

milliseconds on ASOE, and the total amount of the predict-

ed heat release was ensured to be almost equal to the accu-

mulation of the measured values. The discrepancy may be 

due to the lack of implementation of appropriate sub-

models to reflect the effects of turbulent mixing of the torch 

flame and the MC premixture that can cause the quench of 

flame kernels and the resulting extension of τfi. Moreover, 

there was a lack of reproducibility of the instantaneous 

cooling loss around the torch flame including the inner wall 

of the orifice. 

4.3. Effects of diameter of PC orifices 

From the results of the previous section, it seems to be 

important for a large-scaled engine such as APC-type 

LBGEs, to secure the proper range of No so that the gap 

between adjacent torch flames is neither too broad to prop-

agate nor too narrow to entrain the premixture, and the 

penetrating momentum of the torch flame to reach the torch 

flame to the end gas zone of the MC for rapid combustion 

completion. 

In the section, three PCs having No(= 8)  and VPC  in 

common, but different Do were tested. Combinations of the 

PC geometry and Do  were PC4 ( Do = 2.5 mm ), PC1 

(3.5 mm ), and PC5 (5.0 mm ), respectively. The Ao 

ratio of PC4: PC1: PC5 was approximately 1:2:4 and the 

Lo Do⁄  ratio, which was found to have a positive correlation 

with the torch flame directionality at λMC = 0/0, was set to 

3.0, 2.14, and 1.5, respectively. The display range of the 

figures is the same as in the previous section unless other-

wise specified. 

Figure 10 shows the temporal changes in Lf  and θf  for 

the tested PCs including those for PC1 at λMC = 0/0. The 

previous measurements with the same PCs at λMC = 0/0 

showed that the smaller Do was, the longer Lf and the nar-

rower θf were. The similar trend existed at λMC = 1.7 in the 

early stage of torch flame ejection. However, Lf  was ap-

proximately 1.6 times as long as that of λMC = 0/0 at 2 ms 

ASOE and about 1.3 times at 10 ms ASOE.  

The Lf  elongation was particularly noticeable in Do =
2.5 mm case, in which the torch flames collided with the 

inner circumferential wall of the MC around 6 ms ASOE, 

while the other Do cases took much more time to reach the 

wall since the decrease in L̇f became clear around that tim-

ing. Specifically, L̇f  in Do = 5.0 mm  case decreased 

rapidly after 3 ms ASOE, and Lf at 10 ms ASOE was the 

shortest compared to other PC geometries. 

 

Fig. 10. Effects of diameter of PC orifices; Do on torch flame penetration: 

Lf and spreading angle: θf by PC4 (Do = 2.5 mm), PC1 (3.5 mm), and 

 PC5 (5.0 mm) 

 

As for θf, the flame growth in Do = 2.5 mm case was 

remarkable, too. Although the case showed the smallest θf 

at the beginning of ejection, its θf increased rapidly enough 

to surpass θf  in Do = 3.5 mm  case after 7 ms ASOE, 

when the torch flame in Do = 2.5 mm case had already 

reached the MC inner wall, and to surpass θf  in Do =
5.0 mm case after 10 ms ASOE. In Do = 5.0 mm case, 

the initially large θf showed a rapid increase during 46 ms 

ASOE, and it tended to transition to a gradual increase. All 

of these suggest that the combustion phase ignited by torch 

flames is greatly influenced by the ejection speed or 

strength of the torch flame. 

Figure 11 compares the shadowgraph images of the torch 

flame with the predicted flame images for the three orifice 

number settings. Due to insufficient optical system adjust-

ment in the case of Do = 2.5 mm  and Do = 5.0 mm , 
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false information was superimposed in the shadowgraph 

images as a darkened area of about twice the PC radius 

around the PC (arrow “A”s). It is clear from the shadowgraph 

images that the smaller Do  or the higher the torch flame 

ejection velocity, the longer Lfi  is. In particular, Do =
2.5 mm case seems to be worth mentioning in detail.  

In the Do = 2.5 mm case, ignition of the MC premix-

ture entrained in the torch flame was first observed as late 

as after 3 ms ASOE, and τfi and Lfi were the longest among 

the three Do  parameters, but the variation in τfi and Lfi  of 

each torch flame was also considerably large. For example, 

the τfi reached as long as 10 ms ASOE for the torch flame 

that ejected out vertically downwards in the images for 

Do = 2.5 mm case (arrow “B”). On the other hand, the 

initial value of Lfi from the orifices located in the upper half 

of the same images tended to be about half of Lf  (arrow 

“C”s) rather than the vicinity of Lf like any PCs with other 

Do  or No  (arrow “D”s). After τfi , the flame propagated 

rapidly from Lfi to the lower section of the torch flame, and 

the section including the entrained MC premixture expand-

ed at the same time. After the ignition, the torch flame  
 

reached the inner circumferential wall of the MC by 10 ms 

ASOE, but even considering the change in the penetrating 

direction along the inner MC wall due to the collision, the 

growth of the torch flame to ±θf  direction accelerated in 

the middle combustion stage in the MC (arrow “E”). In 

summary, with an enhanced ejection speed of Do =
2.5 mm case, the MC premixture both in the gaps be-

tween the torch flames and in the end gas zone was able to 

be burned efficiently. The latter premixture is important to 

keep combustion efficiency high because of its large vol-

ume contribution in an MC. Upon closer observation, it is 

clear that Lf fluctuated over time even for torch flames from 

the same orifice. For example, the torch flame ejecting in 

the 45 direction to the lower right in the images showed 

Lfi ≈ 55 mm  at 4 ms ASOE but Lfi ≈ 68 mm  at 10 ms 

ASOE (arrow “F”s) when the pure torch flame seemed to 

push down the post-ignition premixed flame part to the 

lower side. The torch flame ejected vertically downward in 

the image had the longest Lf and τfi and the torch flames 

advancing to the lower left and right 45 bent upward after 

7ms ASOE (arrow “G”s).  
 

 

 

Fig. 11. Effects of diameter of orifices; Do on ejection behaviour of torch flame by PC4 (Do = 2.5 mm), PC1 (3.5 mm), and PC5 (5.0 mm). Shad-
 owgraph images (upper row of each island) and simulation results (lower row of each island) 
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One possible explanation goes below. In this experi-

ment, the torch flames in the image's upper half ignited and 

grew more quickly than the ones in the lower half. A strong 

secondary in-chamber flow was induced from the upper to 

the lower half, passing through the MC centre. This down-

ward flow reduced the relative speed between the torch 

flame and the MC premixture and resulted in the extension 

of the Lf and τfi of this torch flame. After the in-chamber 

flow collided with the peripheral MC wall, the flow split to 

the right and left and bent two torch flames. 

On the other hand, at Do = 5.0 mm, τfi  and Lfi  were 

extremely short compared to the other PC orifice specifica-

tions, and the flame expanded immediately after Lfi , and 

quickly transitioned to a turbulent jet flame with a snake-

shaped tip. Overall, the flame development process was 

similar to that of No = 10, where the momentum per torch 

flame was small. However, compared with No = 10 case, 

the variation in τfi, Lfi, and development behaviour of the 

torch flame between each orifice were extremely small, 

and the decrease in L̇f in the later stages of combustion was 

more evident due to the lowest ejection speed. Since the 

torch flame did not reach the peripheral inner MC wall 

or the premixture in the end gas zone, even at 20 ms 

ASOE, it can be inferred that combustion in the later stages 

was extremely slow. 

Regarding the numerical prediction, it must first be 

pointed out that there was a large discrepancy between the 

observation results and the numerical prediction at Do =
2.5 mm. For the reasons mentioned above about the CFD 

setup in this study, τfi and Lfi  were configured to be zero 

regardless of the orifice specifications. This means the 

influence was greater in Do = 2.5 mm  case, where the 

absolute values of τfi and Lfi were long and varied depend-

ing on the nozzle hole and the elapsed time ASOE. There 

was also a clear tendency for Lf to be underestimated. On 

the other hand, at Do = 5.0 mm, where τfi  and Lfi  were 

the shortest of all the cases, the behaviour of the torch 

flame ejection and its development was relatively well 

reproduced by the current CFD setups. 

Figure 12 shows the temporal change in ROHR for the 

three Do settings. The line type and legends are the same as 

in Fig. 9, but the scale for the ROHR is doubled. Consider-

ing the measured ROHRs, the impact of Do on the combus-

tion in the MC was considerably high with constant No. In 

Do = 2.5 mm case with long τfi and Lfi, the ramp-up of 

ROHR was modest after the ejection started, but ROHR 

increased rapidly after τfi and tmax was reached at about 20 

ms ASOE with the maximum value just over 1000 kJ/s, 

which was very high compared to other tested PC geome-

tries. 

However, there was also a local maximum value near  

13 ms ASOE reflecting that the torch flames were divided 

into two groups, ones with relatively short τfi and the others 

with long τfi. In addition, the ROHR went negative after 50 

ms ASOE, which suggested that the torch flame reached the 

peripheral inner MC wall at 10 ms ASOE causing the com-

bustion of the entire MC including the end gas zone to be 

completed fast and that the heat loss through the wall sur-

face increased due to the contact of torch flames with the 

inner wall. 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Effects of diameter of PC orifices; Do on ROHR in the MC by 

PC4 (Do = 2.5 mm), PC1 (3.5 mm), and PC5 (5.0 mm). Measured 
 ROHRs (black curves), and simulated ROHRs (red curves) 

 

On the other hand, in Do = 5.0 mm case, the ROHR 

rose fastest because of its short τfi, and tmax was reached at 

around 4.5 ms ASOE, which was significantly earlier than 

the PCs of other specifications, but the maximum ROHR 

was the lowest at just under 260 kJ/s. By comparing with 

the visualization results shown in Fig. 11, the quick rise of 

ROHR corresponded to the shortest τfi and the quick profile 

transitions to a snake-head shape, and the poor heat release 

in later stage combustion corresponded to the difficulty for 

the torch flame in reaching the inner MC wall due to insuf-

ficient penetrating momentum. 

Next, considering the predicted ROHR, the smaller the 

Do was, the lower the ROHR at the beginning of ejection 

and the higher the maximum ROHR were, both of which 

were consistent with the visualization results. However, the 

maximum ROHR was underestimated and tmax was overes-

timated, as in the results in the previous section. A discrep-

ancy in both factors became large, especially in the case of 

Do = 2.5 mm so it was hard to say the reproducibility of 

the combustion in the MC is appropriate. On the other 

hand, in Do = 5.0 mm case, the discrepancy between the 

measured value and the predicted one was the smallest in 

the tested group of PCs, and the predicted ROHR followed 

a similar trajectory to the measured one, although the max-

imum ROHR was slightly underestimated. This suggests 

that the CFD setup applied in the study was capable of 

relatively good reproduction of the combustion process 

when the ejection velocity of torch flame was low and the 

effects of turbulent mixing were small, and that in APC-

type methane-air premixed combustion including in actual 
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engines, flame quenching or τfi extension due to turbulent 

mixing between the ejected torch flame and the MC pre-

mixture, and the following combustion promotion were 

essentially important matters. 

4.4. Examination of the index for torch flame intensity 

Nada et al. proposed the jet intensity: Ib expressed by the 

following formula [21] for the high-speed small gas engine. 

The variables in the formula conform to the notation adopt-

ed in this paper. The meanings of each factor are listed as 

follows: VPC : Stored energy in PC (λPC  is usually fixed 

around unity), Noπ Do
2 4⁄ : Total opening area of PC orific-

es, DMC: Distance to the end gas zone (relative evaluation 

factor).  

 Ib =
VPC

DMCNoπDo
2 4⁄

 [−] (1) 

The following can be inferred about the PC specifica-

tions of APC-type gas engines. As mentioned in the previ-

ous study [3], there are mechanical constraints on VPC and 

Dt  that are almost subordinate to DMC  [3]. No  mainly de-

termining the gap between the torch flames has little free-

dom to change between reducing the distance for flame 

propagation to the adjacent torch flame and yet securing 

space for the torch flame to entrain the MC lean premixture. 

Considering that VPC  is approximately proportional to the 

cube of DMC and Do is roughly proportional to DMC, Ib can 

be regarded as an evaluation index not based on the engine 

scale. 

Under these conditions, it is important to select proper 

Do, so that the torch flame can have sufficient initial speed 

to reach the vicinity of the end gas zone during τfi, with 

which Ib is also thought to have positive correlation, and to 

promote combustion in the entire MC. In this study, for 

compensation of the change of the orifice aspect ratio that 

is accompanied with changes in No and Do, the following 

torch flame intensity is used to confirm the correlation with 

the measurement results in the CVC. 

 TI =
4VPC(Lo Do⁄ )0.5

DMCNoπDo
2  [−] (2) 

The term (Lo Do⁄ )0.5 represents torch flame directionali-

ty. The evaluation of the effect is based on the measurement 

results of the ejection behaviour of torch flame under λMC = 

0/0 conditions. 

Figure 13a–f summarizes the investigation of the correla-

tion between the above TI  and the various combustion-

relating characteristics in the MC obtained in the study.  

First, the correlation between TI and the Lf at the ejec-

tion end was investigated. The end of ejection was identi-

fied as the timing when the differential pressure between 

them goes to zero. The timing was around 6 ms ASOE for 

most of the PCs except for 7 ms ASOE for PC4 (Do =
2.5 mm) and 4 ms ASOE for PC5 (5.0 mm), of which 

Lf increased less than 7 mm even at 6 ms ASOE. As shown 

in (a), a linear correlation was found between TI and the Lf 

at the ejection end. This sustains the validity of the index to 

indicate the ejection strength of the torch flame. 
 

  

Fig. 13. Correlations between an index for torch flame strength; TI and several combustion and emission characteristics in the MC of the CVC. (a) pene-

tration length of torch flame: Lf at ejection end, (b) secondary ignition delay of torch flame in the MC: τfi, (c) maximum rate of heat release: ROHR, (d) 
 combustion period in the MC, (e) unburned fuel (CH4) emissions, and (f) NOx emissions 
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Second, the relationship between TI  and combustion 

characteristics was examined. τfi, combustion period, and 

maximum ROHR were taken as the characteristics, and τfi 

was quantitively redefined here on ASOE basis as the time 

when 5% of supplied fuel energy released in the MC, and 

the combustion period is as the duration from τfi  to the 

timing when 95% of supplied energy released. As shown in 

(b) and (c), strengthening TI leaded to a proportional in-

crease in τfi and the maximum ROHR and to rather expo-

nential shortening of the combustion period. So, TI  is 

thought to be effective to quantify the extension of ignition 

delay due to turbulent mixing and the subsequent combus-

tion promotion. 

Finally, the unburned fuel component (CH4) and NOx in 

the MC residual gas were taken as the emission characteris-

tics of the combustion in the MC. The unburned fuel 

emission was negatively correlated with TI and NOx emis-

sion was positively and exponentially correlated with TI. 

Again, TI can indicate a degree of the combustion promo-

tion by the ejecting strength of torch flames from a PC. 

Overall, TI could be used to organize the combustion re-

sults in the CVC, but, before applying it to real engines, it is 

necessary to investigate the effects of engine speed and the 

trade-off between the combustion promotion and increased 

cooling loss caused by the torch flame impinging on the 

inner wall of the MC. 

5. Conclusions 
Combustion experiments were conducted by supplying 

methane-air premixture separately to the prechamber and 

main chamber of a constant-volume chamber simulating  

a prechamber-type medium-speed gas engine and changing 

the orifice specifications to investigate their effects on the 

combustion process in the main chamber and the effective-

ness of the torch flame strength to organize the results. The 

following conclusions were derived. 

(1) In the early stage of combustion after the premixture 

has ignited around the torch flame, the combustion of the 

premixture in the main chamber entrained into the torch 

flame is predominant. Flame propagation to the unburned 

premixture then becomes predominant from the middle to 

late stage. 

(2) The ignition of the entrained premixture accompanies 

the secondary ignition delay in the main chamber from the 

torch flame to the premixture and the ignition delay dis-

tance that the torch flame penetrates alone from the orifice 

exit during that ignition delay. The combustion progresses 

mainly in a direction that increases the spreading angle of 

the torch flame instead of a direction that increases the 

torch flame penetration in the early stage of the combustion. 

(3) A short ignition delay in the main chamber tends to 

transition the torch flame to a snake-head profile and cause 

the rapid decay of penetrating momentum, resulting in slow 

combustion in the end gas zone. 

(4) When the total orifice opening area is kept constant, 

the number of orifices has little effect on the ignition delay 

in the main chamber nor the heat release process in the 

main chamber because of the trade-off between the com-

bustion promotion by the increase in ejection momentum 

per torch flame and the hindrance by the decrease in flame 

surface area and the increase in the gap between torch 

flames. The appropriate number of orifices is limited to  

a narrow range. 

(5) When the number of orifices and the prechamber vol-

ume are kept appropriate, with high ejection velocity of the 

torch flames by a small orifice diameter, the above-

mentioned ignition delay and ignition delay length are 

elongated, but the following combustion promotion around 

the torch flame and in the end gas zone in the main cham-

ber more than compensates for these drawbacks. Converse-

ly, with very slow ejection velocity by a large orifice, as 

mentioned in (3), it has proven difficult to completely burn 

up the premixture in the end gas zone of the main combus-

tion chamber. 

(6) When the ignition delay in the main combustion 

chamber extends because of the high ejection velocity of 

the torch flame, the ignition position changes and the varia-

tion in ignition delay between torch flames increases. The 

latter may lead to the formation of a secondary in-chamber 

flow, which may increase the variation in the combustion 

process for each torch flame, which may be the cause of the 

large cyclic variation in actual gas engines. 

(7) CFD incorporating a RANS-type turbulence model 

and detailed chemical reactions, which successfully repro-

duced the ejection behaviour of the torch flame when nitro-

gen was filled in the main chamber, is insufficient to repro-

duce the combustion process in the main chamber, except 

in cases where the torch flame ejection velocity is very low. 

The simulation for prechamber-type gas engines needs 

appropriate sub-models that reflect the quenching and igni-

tion fluctuation due to turbulent mixing as well as the com-

bustion-promotion by the torch flame jet. 

(8) The existing formula proposed for estimating flame 

jet intensity in a high-speed small engine was applied to the 

measurement results of the study and found to have enough 

validity through checking the correlation with the penetra-

tion length of the torch flame, the heat release process in 

the main chamber, and the emission characteristics. 

As a future task, additional measurements are necessary 

to verify the generality of these conclusions, as well as to 

investigate the effects of turbulent flow fields existing in an 

actual engine. For numerical predictions, it is necessary to 

reproduce the above-mentioned effects by turbulent mixing. 

 

Nomenclature 

A total cross-sectional opening area of flow paths 

AFR air-to-fuel ratio 

AMR  adaptive mesh refinement 

APC  active pre-combustion chamber 

ASOE after the start of a torch flame ejection  

CFD  computational fluid dynamics 

CPU  central processing unit 

CVC  constant-volume chamber 

D diameter of a chamber/window or a flow path 

GRI  The Gas Research Institute 
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H height of a chamber/window or a flow path 

HG greenhouse gas 

Ib jet intensity proposed by Nada et al. [19] 

IMO International Maritime Organization 

L length of a flow path, penetration of a gas jet or 

distance between ignition position of MC pre-

mixture on a torch flame and orifice exit of PC 

L̇ flow speed or penetration speed of a gas jet 

LBGE lean-burn premixed combustion gas engine 

N number of flow paths 

MC  main combustion chamber, also used as a subfix 

MEPC Marine Environment Protection Committee 

NG natural gas 

NOx nitrogen oxides 

PC  pre-combustion chamber, also used as a subfix 

RANS  Reynolds-Averaged Navier-Stokes equations 

RNG  renormalization group 

ROHR rate of heat release 

SAGE  structural adaptive grid embedding 

TI torch flame intensity 

θ spreading full angle of a gas jet 

λ global air excess ratio in a combustion chamber 

t elapsed time on ASOE basis (see the last item) 

τ delay time 

 

Subfix: 

f torch flame 

fi ignition of MC premixture by torch flame 

max maximum of ROHR 

o PC orifice 

t PC throat 

W optical window 
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