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Abstract 
 
Pre-chamber jet ignition is a promising technology for spark ignition engines. In this 
paper, classical pre-chamber jet ignition and a new pre-chamber jet ignition method 
named flame accelerated ignition are investigated.  
Utilizing the connecting nozzles to generate the jets is the classical form of pre-cham-
ber jet ignition. Two combustion modes were found by the RCM experiments with op-
tical method: double stage combustion and single stage combustion. Double stage 
combustion mode takes place in the condition with relatively small nozzle dimension, 
showing long ignition delay and extremely short combustion duration. The jets cannot 
ignite the mixture directly. Instead, ignition happens at a central position in the main 
chamber after a lag time followed by the rapid development of the flame with similar 
speed in each direction. However, the double stage combustion mode has poor com-
bustion stability due to the high randomness of the ignition process inside the main 
chamber. With single stage combustion mode, the ignition delay and the combustion 
duration can be shortened simultaneously with satisfying combustion stability. The 
combustion processes inside the pre-chamber and the main chamber take place con-
tinuously. The flame jet develops from the nozzle, composed of thin fire near the nozzle 
and approximately conical fire in the tip. The speed of flame jet exceeds 15 times than 
that of conventional flame propagation. 
According to the concept of pre-chamber jet ignition and the phenomenon of flame 
acceleration in tunnel, a new ignition method named flame accelerated ignition (FAI) 
is proposed. The flame acceleration tunnel can be regarded as a pre-chamber, where 
flame acceleration happens. Then the combustion in the main-chamber can be in-
duced by the flame jet rushed out of the tunnel. The RCM experiments indicated that 
the combustion could be evidently enhanced by FAI. The flame jet maintains nearly 
cylindrical with favorable speed characteristic. Higher indicated thermal efficiency is 
gained by applying FAI compared to conventional spark ignition in the natural gas en-
gine. In addition, introducing residual gas cavity into the flame acceleration tunnel 
could expand the misfire limit and improve the defect of FAI mode in lean-burn condi-
tions. 

 

  



 

1 Introduction 

Spark ignition (SI) engines are widely used as automotive power. However, the thermal 
efficiency of conventional SI engines is not comparable to that of compression ignition 
engines due to its relatively low combustion velocity, resulting from the combustion 
mode composed of single-point ignition and flame propagation. Due to increasingly 
stringent regulations in automotive fuel economy, the combustion process of SI en-
gines needs to be further optimized to gain higher thermal efficiency. 
Pre-chamber jet ignition is proposed as a potential approach to improve the perfor-
mance of SI engines. In this mode, a pre-chamber is introduced into the combustion 
chamber with spark plug set inside. The pre-chamber serves as an ignition source for 
the main chamber, providing flame jets spatially distributed inside the main chamber. 
Meanwhile, the turbulent intensity in the combustion chamber is evidently enhanced. 
As a result, the combustion velocity is increased, providing the capacity to improve the 
thermal efficiency [1].  

1.1 Classical pre-chamber jet ignition 

In order to differentiate from the undermentioned new pre-chamber jet ignition method, 
in this paper, the extensively studied ignition method which utilizes the connecting noz-
zles to generate the jets is called classical pre-chamber jet ignition.  
Classical pre-chamber jet ignition has a long history of development and investigation. 
Recent years, it has become a hot research topic with the characteristics of relatively 
small pre-chamber volume and multiple connecting nozzles. The effects of accelerat-
ing combustion process has been proved in the engine tests [2-3]. Benefiting from the 
accelerated combustion velocity, the compression ratio of SI engines with pre-chamber 
jet ignition system could be increased by 2~3 due to the expanded knock limit [4-5]. 
To further explore the potential of pre-chamber jet ignition, auxiliary fuel system is in-
troduced into the pre-chamber in order to form a rich mixture condition inside. In this 
case, the jet could ignite extremely lean mixture (λ=2.1 for gasoline engine [6] and 
λ=2.9 for natural gas engine [7]) in the main chamber, leading to higher thermal effi-
ciency. 
Although it is proved that the performance of SI engines could be improved by using 
pre-chamber jet ignition, the combustion process is the result of comprehensive effects 
of thermal effect, chemical reaction and turbulent flow, which is rather complicated. In 
order to investigate the mechanism of pre-chamber jet ignition, fundamental re-
searches based on optical and numerical methods have been conducted to investigate 
the structure of flame and jet [8-9], effects of pre-chamber geometric conditions [10-
11], and detailed process of combustion and flow [12-14] in recent years. However, 
considering the complexity of pre-chamber jet ignition, it still needs to be further rec-
ognized. 
In this paper, Different pre-chamber nozzle configurations were investigated on rapid 
compression machine with full optical accessibility to study the ignition and combustion 
process of classical pre-chamber jet ignition. 

1.2 Flame accelerated ignition 

Relatively slow combustion velocity is one of the bottlenecks which limits the thermal 
efficiency of SI engines. Therefore, increased flame speed is required to improve the 
combustion characteristics of SI engines. In fundamental research field on combustion, 
the phenomenon of flame acceleration has been widely studied. It was found that the 



 

flame would be accelerated while travelling in either a smooth or an obstructed tunnel. 
The phenomenon results from the effect of gas flow and turbulence [15]. However, 
flame acceleration is more obvious in an obstructed tunnel because the obstacles are 
effective to enhance the gas flow and increase the flame surface [16]. As a result, the 
flame can be suddenly accelerated when passing by the obstacles [17].  
Flame acceleration inside a tunnel is an attractive phenomenon but rarely associate 
with automotive piston engines. However, the phenomenon exactly meets the demand 
of improving combustion characteristics for SI engines. Therefore, a new ignition mode 
which combines the concept of flame acceleration in tunnel and pre-chamber jet igni-
tion was proposed by the authors, called Flame Acceleration Ignition (FAI) [18]. An FAI 
system is composed of a spark plug and a flame acceleration tunnel with small dimen-
sions. The spark plug is set on one side of the tunnel and the other side is connected 
with the main combustion chamber. Obstacles are set inside the tunnel to achieve 
better acceleration effect in a relatively short tunnel. Considering that annulus is the 
most common and classical shape for the obstacles in flame acceleration researches, 
it was selected for the experiments in this paper. In general, the FAI system occupies 
a small proportion of the combustion volume so that it can be regarded as a pre-cham-
ber. However, the exit of the FAI system is widely opened, which is different from clas-
sical pre-chamber designs characterized by relatively small nozzle dimensions. 
In FAI mode, the flame kernel is formed by the spark plug on the top end and then the 
flame is accelerated through the tunnel. Subsequently, the mixture in the main cham-
ber can be rapidly ignited by the flame jet rushed out of the tunnel. Therefore, the 
combustion in the main chamber can be enhanced and accelerated, which is beneficial 
to improving the thermal efficiency. 

2 Experimental Setups 

2.1 Rapid compression machine 

In this study, Tsinghua University Rapid Compression Machine (TU RCM) [19] was 
utilized to study the combustion process of both classical pre-chamber jet ignition and 
flame accelerated ignition. TU RCM consists of high pressure gas tank, driver section, 
hydraulic section, compression section, and combustion chamber. The compression 
stroke and combustion chamber bore are 495 mm and 50.8 mm, respectively. The 
compression ratio is adjustable by varying the length of combustion chamber. In this 
study, the compression ratio was fixed at 9.5.  
At the end of combustion chamber, the metal cover can be replaced by the quartz 
window with the same bore as the chamber to provide optical access. High speed 
photography was accomplished by camera Photron SA-X2 coupled with a 180 mm 
lens Nikon AF Micro f/4D, which was set in the axial direction to record the combustion 
images. The f3.5 aperture was chosen. The shutter time and the frame rate were set 
as 1/12661 s and 12500 fps, respectively. Each image had an original resolution of 
896*896 and was processed to a circular shape with the diameter of 700 pixels, corre-
sponding to the range of the combustion chamber.  
The pre-chamber jet ignition system was set on the circumferential edge of the com-
bustion chamber. A hemispherical design was used for the classical pre-chamber jet 
ignition investigation, which is shown in Figure 1(a). The pre-chamber occupied 1.25% 
of the total combustion volume, multiple nozzle configurations were tested. As shown 
in Figure 1(b), in FAI experiments, a 3-obstacle FAI system was used. The length and 
the diameter of the tunnel were 27 mm and 7 mm, respectively. The blockage ratio of 



 

the annular obstacles was 0.36, i.e. the cross-section diameter of the obstacles was 
80% of that of the tunnel. Note that the FAI system did not occupy the original com-
bustion volume, there would be slight reduction in compression ratio (9.4). 
As shown in Figure 1, a pressure sensor Kistler 6125C was set on the opposite side 
of the ignition system, measuring the pressure inside the main chamber at a sampling 
rate of 100 kHz. To transform the signal to the voltage version, a charge amplifier 
Kistler 5018A was used. 
Synchronous trigger signal was produced by a pulse generator DG645. The TTL trig-
ger signal would be generated within 2 ms after the piston reached the top dead center, 
according to the in-cylinder pressure. Therefore, the spark plug and the high-speed 
camera could action at the same time when zero time (t=0) was marked. Both pressure 
signal and trigger signal were acquired by National Instrument chassis cDAQ-9178 and 
analog input module cDAQ-9223. 
The mixture of methane, oxygen and nitrogen was used in this study. Methane is the 
major component of natural gas. Oxygen and nitrogen were used to simulate air. Stoi-
chiometric combustion condition was investigated so that the volumetric ratio between 
methane, oxygen and nitrogen was 1:2:7.52. The mixture was prepared according to 
Dalton’s Law of Partial Pressure. 
 

               
(a) Classical Pre-chamber jet igniton                  (b) Flame accelerated ignition 

Figure 1: Cross-section view of the RCM combustion chamber 
 

2.2 Natural gas engine 

In this study, FAI was further tested in a single cylinder natural gas engine with the 
displacement of 1.85 L after the RCM experiments. The original compression ratio of 
the engine was 10.5. A dynamometer Horiba LI250 was connected to the engine. The 
natural gas was port injected at a pressure of 0.5 MPa. The intake air was controlled 
by a 6-channel sonic nozzle system. A pressure sensor AVL GU22C coupled with a 
charge amplifier Kistler 5011 was used to measure the in-cylinder pressure. Moreover, 
engine control, online combustion analysis and high-speed data acquisition were con-
ducted by a LabVIEW system composed of National Instrument real-time system, 
FPGA and driven modules. 
Figure 2 shows the schematic of the engine assembled with an FAI system. Compared 
with the original engine, the position of spark plug assembly was replaced by the FAI 
system. Detailed configuration of FAI systems will be discussed in Results and Discus-
sions. The compression ratio would be reduced due to the introduction of the extra 



 

combustion space. However, considering that the volume occupied by flame acceler-
ation tunnel was very little in comparison with the main chamber, in this study, the 
compression ratio was still no lower than 10.4 in FAI mode. 
During the experiment, the engine speed was fixed at 1000 r/min. And the engine was 
operated at the load with the indicated mean effective pressure (IMEP) of 0.65 MPa. 
Combustion with different mixture condition (excess air ratio, λ) was conducted to com-
pare the performance and characteristics of FAI mode and conventional spark ignition 
(CSI) mode. 
 

 
Figure 2: Schematic of the engine assembled with FAI system 

 

3 Results and Discussions 

3.1 Classical pre-chamber jet ignition investigations on RCM 

Firstly, a series of 4-nozzle classical pre-chamber designs were chosen for the RCM 
experiments. The nozzles are symmetrically distributed. And the angle between the 
axis of each nozzle and the centerline of the pre-chamber was fixed at 45°. The sole 
difference between the designs was the nozzle size. The diameter of the nozzles var-
ied from 1.0 mm to 2.0 mm. 
Figure 3 shows the pressure inside the main chamber of each designs. Conventional 
spark ignition case is also shown for comparison. It can be seen that all of 5 pre-cham-
ber jet ignition cases have remarkably earlier pressure increase in comparison to CSI 
case, indicating that the combustion is effectively accelerated and enhanced by utiliz-
ing pre-chamber jet ignition. Pre-chamber jet ignition cases with the nozzle diameter 
of 1.1 mm, 1.2 mm, 1.6 mm, and 2.0 mm show similar pressure characteristic. The 
pressure rise of 4×Φ1.2 mm case is slightly faster and that of 4×Φ2.0 mm case is 
slightly slower than others. However, 4×Φ1.0 mm case appears disparate combustion 
pressure trace. The pressure inside the main chamber keeps nearly unchanged for 
quite a long time after discharge of the spark plug. During this period, the pressure is 
even lower than that of the CSI case, indicating that the combustion inside the main 
chamber does not initiate. However, the pressure of the main chamber starts to rapidly 



 

rise with a higher slope after the lag, which means the 4×Φ1.0 mm case possesses 
the fastest combustion duration in the main chamber among all tested cases. 
There is little difference of nozzle size between 4×Φ1.0 mm case and 4×Φ1.1 mm case. 
However, the disparity of combustion pressure is significant. To analyze the cause, the 
partial enlarged pressure traces of the main chamber, together with corresponding 
heat release rates and their derivate are shown in Figure 4. Both pressure traces de-
crease slightly in 0~1.8 ms due to the wall heat transfer and turn to increase then. 
However, the degree of increase is rather different. The main chamber pressure of 
4×Φ1.1 mm case appears sharp increase, corresponding to obvious heat release. It 
can be inferred that the combustion inside the main chamber is initiated since t=1.8 
ms. In contrast, for 4×Φ1.0 mm case, the increase amplitude is only 0.01 MPa and the 
increase trend terminates at t=3.8 ms. During this period, the heat release is tiny. It is 
apparent that the slight increase of main chamber pressure results from the combus-
tion inside the pre-chamber. Some of the hot gas enters the main chamber through 
nozzles driven by the pressure difference, which slightly boosts the pressure inside the 
main chamber. With the end of pre-chamber combustion, the pressure inside the main 
chamber turns to decrease without any heat release. At t=4.4 ms, the pressure begins 
to rise again, which marks the initiation of the combustion in the main chamber. There-
fore, in 4×Φ1.1 mm case, the combustion inside the pre-chamber and the main cham-
ber is continuous. While in 4×Φ1.0 mm case, the combustion in the two chambers is 
obviously interrupted. In this paper, the former one is called single stage combustion 
mode and the latter one is called double stage combustion mode. Heat release rate 
and its derivate can be used as the criterion to distinguish the combustion mode. Single 
stage mode is characterized by monotonicity of the combustion pressure increase and 
the heat release rate increase. However, double stage mode does not possess the 
feature. Therefore, once the derivate of the heat release rate appears negative, the 
combustion can be determined as the double stage mode. 
 

 
Figure 3: Main chamber pressure of pre-chamber jet ignition with different nozzle size 

(1.1 MPa at spark timing) 
 



 

 
Figure 4: comparison of main-chamber pressures, heat release rates and their deriv-

ative of 4×Φ1.0 mm case and 4×Φ1.1 mm case (1.1 MPa at spark timing) 
 
Figure 5 shows the ignition delay (defined as the time interval between spark and 10% 
heat release) and the combustion duration (defined as the time interval between 10% 
heat release and 90% heat release) of tested cases. It can be clearly found that the 
ignition delay and the combustion duration among all single stage combusted pre-
chamber jet ignition cases are respectively similar, although the total cross-sectional 
area of nozzles was tripled from the 4×Φ1.1 mm case to the 4×Φ2.0 mm case. Com-
pared with the CSI case, the ignition delay and combustion duration of single stage 
combusted pre-chamber jet ignition are shortened by 45% and 55%, respectively. Dou-
ble stage combusted pre-chamber jet ignition (i.e. 4×Φ1.0 mm case) shows different 
characteristics on combustion parameters. The ignition delay is obviously longer than 
that of single stage mode and even comparable to that of CSI due to the lag of the 
second stage combustion. However, the combustion duration of double stage mode is 
manifestly shorter than that of any other cases. 
 

 
Figure 5: ignition delay and combustion duration of tested cases (1.1 MPa at spark 

timing) 
 
Except for 4-nozzle cases, multiple pre-chamber configurations including single-nozzle 
designs and double-nozzle designs with various diameter were tested. The results are 
shown in Figure 6. It can be concluded that misfire occurs in the main chamber when 



 

the nozzle dimension is below a certain threshold. With the increase of nozzle dimen-
sion, the mixture inside the main chamber could be indirectly ignited by the jet and the 
combustion is double-staged. However, the range of nozzle configuration led to double 
stage combustion is limited. As the nozzles are further enlarged, the combustion trans-
forms to the single stage mode. It can be also found in Figure 6 that total cross-sec-
tional area of nozzles is not the exclusive factor which affect the combustion mode at 
a certain pressure and temperature condition. Besides, the number of nozzles is also 
a minor factor because the increase of the nozzle number means the increase of con-
tact surface area between the jets and the nozzle walls, resulting in more heat transfer. 
 

 
Figure 6: relationship between nozzle configuration and combustion mode (1.1 MPa 

at spark timing) 
 
Figure 7 and Figure 8 display the ignition and combustion process (the contrast of 
images is improved) in the main chamber of single stage mode and double stage mode, 
respectively, corresponding to single-nozzle designs with the diameter of 3.0 mm 
(1×Φ3.0 mm case) and 1.6 mm (1×Φ1.6 mm case).  
According to Figure 7, in the single stage case, the flame jet first appears in the main 
chamber at 1.12 ms after spark, indicating that the combustion inside the pre-chamber 
has already finished at that time. The flame jet generates from the nozzle and develops 
rapidly through the main chamber until it reaches the opposite side at approximately 2 
ms. It means that the flame jet penetrates the main chamber in less than 1 ms. It can 
be calculated that the average propagation speed along the axial direction of the jet is 
over 50 m/s, exceeding 15 times than that of conventional flame propagation (approx. 
3 m/s at the same condition). During the developing process, the flame is composed 
of thin fire near the nozzle and approximately conical fire in the tip. 
As shown in Figure 8, in the double stage case, there is not any visible flame until 6.40 
ms after spark. Compared with synchronous phenomenon of single stage mode, it can 
be concluded that the flame is quenched through the small dimension nozzle. The 
intense heat transfer cools the jet formed in the main chamber which cannot ignite the 
mixture directly. However, the jet composed of combusted and intermediate products 
still possess appropriate temperature to drive low temperature reaction, resulting in the 
ignition after a period of lag time. It can be clearly observed that the ignition occurs in 
the position far away from the nozzle, which is absolutely different from the single stage 
mode. Moreover, the flame develops evenly along each direction, with a high speed 
near 100 m/s. As a result, the 2D projection of the flame keeps approximately circular 
throughout the combustion process. It can be inferred that the jet preheats the mixture 



 

and improve the reactivity in the main chamber during the lag period so that the follow-
ing combustion is markedly enhanced. 
 

     
(a) t=1.12 ms      (b) t=1.28 ms      (c) t=1.44 ms      (d) t=1.92 ms      (e) t=2.40 ms 
Figure 7: ignition and combustion process in main chamber of single stage mode 

(1×Φ3.0 mm case, 1.4 MPa at spark timing, contrast improved) 

 

     
(a) t=6.40 ms      (b) t=6.56 ms      (c) t=6.72 ms      (d) t=7.20 ms      (e) t=7.68 ms 
Figure 8: ignition and combustion process in main chamber of double stage mode 

(1×Φ1.6 mm case, 1.4 MPa at spark timing, contrast improved) 
 
Figure 9 and Figure 10 display the repeated test results of a single stage case and a 
double stage case, respectively. Pressure traces of single stage combustion appear 
good repeatability. On the contrary, those of double stage mode are dispersed. In dou-
ble stage mode, the ignition inside the main chamber has relatively high randomness, 
leading to instability of ignition delay and combustion phase, which is unsatisfying in 
engine applications. 
 

 
Figure 9: repeated test results of a single stage case 

 



 

 
Figure 10: repeated test results of a double stage case 

 

3.2 Flame acceleration ignition investigations on RCM and natural gas en-
gine 

Figure 11 shows the comparison of in-cylinder pressure and heat release rate between 
FAI and CSI in RCM. The effect of accelerating combustion process achieved by FAI 
can be apparently recognized. Compared with CSI, the heat release peak of FAI comes 
10 ms earlier with 20% higher value. The combustion process can be shortened by 
40%, indicating the potential to improve combustion characteristics of SI engines. 
Figure 12 records the combustion process (the contrast and brightness of images are 
improved) in the main chamber of FAI. The flame is generated and accelerates inside 
the tunnel until 1.92 ms after spark when it rushes into the main chamber (see Figure 
12(a)). And then the flame curls outwards near the tunnel exit soon (see Figure 12(b)) 
which extends the radial width of the flame jet. After the initial period, the flame devel-
ops mainly along the axial direction at an average speed over 20 m/s. During the pro-
cess, the flame jet maintains nearly cylindrical, igniting the surrounding mixture. As a 
result, the radial dimension of the flame also keeps growing at a speed faster than 
conventional flame propagation.  
 

 
Figure 11: comparison of in-cylinder pressure and heat release rate between FAI and 

CSI in RCM (1.4 MPa at spark timing) 
 



 

     
(a) t=1.92 ms      (b) t=2.00 ms      (c) t=2.16 ms      (d) t=2.56 ms      (e) t=4.40 ms 
Figure 12: combustion process in main chamber of flame accelerated ignition (1.4 

MPa at spark timing, contrast and brightness improved) 
 
The RCM experiments indicated that the combustion could be evidently enhanced by 
FAI. On this basis, FAI is further tested in the natural gas engine. A 2-obstacle FAI 
system was assembled. The length and the diameter of the tunnel were 14 mm and 
10 mm, respectively. The blockage ratio of the annular obstacles was 0.36, which was 
the same as that in RCM experiment. 
Figure 13 shows the in-cylinder pressure and heat release rate of FAI under different 
mixture conditions. Corresponding CSI cases are also included for comparison. After 
spark, the response of pressure rise induced by FAI is slower than that of CSI, which 
means the heat release of FAI acts later. However, the heat release rate of FAI boosts 
to an evidently higher level subsequently, indicating that FAI induced combustion is 
faster and more centralized. Both cases with different mixture condition displayed in 
Figure 13 follow the characteristic. But the advantage of enhancing combustion is 
weakened with the introduction of excess air. 
 

 
Figure 13: In-cylinder pressure and heat release rate of FAI in engine, compared with 

CSI 
 
Figure 14 compares the ignition delay between FAI and CSI under different conditions. 
During the experiment, the spark timing was swept in order to cover the maximum 
output point. It can be primarily found from Figure 14 that misfire occurs in FAI mode 
when spark takes place at a relative early timing. It is clear that there is residual gas 
trapped in the tunnel after a combusted cycle. The fresh mixture has not been fully 
compressed into the tunnel to form an ignitable atmosphere in the position of spark 
plug at the early timing, resulting in misfire. With the increase of lean level, the range 
of optional spark timing becomes narrower. 
The difference of ignition delay between FAI and CSI is notable that the former one is 
obviously longer than the latter one. In lean-burn conditions, the gap is further widened. 



 

The characteristic can be ascribed to the adverse mixture atmosphere caused by re-
sidual gas inside the tunnel in FAI mode. With the addition of excess air, the natural 
gas concentration at spark position is further reduced, which prolongs the process of 
flame kernel formation and its initial development. 
 

 
Figure 14: comparison of ignition delay between FAI and CSI 

 
Figure 15 displays the CA10-CA50 duration. FAI mode shows advantage in this pa-
rameter when λ is less than 1.45. The effect of enhancing combustion by FAI can be 
directly proved according to the characteristic. FAI possesses the capacity to acceler-
ate the first-half combustion. More importantly, the process of first-half combustion 
takes place around the top dead center, where the impact of heat release on the ther-
mal efficiency is quite sensitive and significant. Hence, the feature of FAI is beneficial 
to improving the thermal efficiency. However, as λ increases, the advantage on CA10-
CA50 fades gradually. When λ reaches 1.45, the benefit no longer exists at late spark 
timing. 
 

 

 
Figure 15: comparison of CA10-CA50 duration between FAI and CSI 

 
CA50 is shown in Figure 16, which is the comprehensive result of ignition delay and 
CA10-CA50 duration. When the combustion takes place at stoichiometric condition or 

lean-burn condition with relative low λ (≤1.15), the CA50 of FAI is comparable to that 

of CSI, because the accelerated CA10-CA50 duration of FAI erases the difference of 
ignition delay between two modes, which means that FAI possesses the capacity to 



 

realize similar CA50 with less negative work at certain mixture conditions. Neverthe-
less, as the mixture becomes much leaner, the difference of CA50 between two modes 
gets larger as the advantage of CA10-CA50 duration achieved by FAI is narrowed 
while the disadvantage of ignition delay is sharply widened. Under the circumstance, 
the spark timing has to be advanced to adjust the combustion phase. However, the 
optional spark timing is limited by misfire. 
 

 
Figure 16: comparison of CA50 between FAI and CSI 

 
Figure 17 compares the indicated thermal efficiency (ITE) of FAI and CSI under differ-
ent conditions. FAI achieves higher efficiency than CSI due to the beneficial of reduced 
negative work and accelerated combustion process except for λ=1.45 condition. The 
best ITE improves 0.6, 0.5 and 0.2 percent when λ is 1.00, 1.15 and 1.30, respectively. 
It is clear that the biggest advantage of FAI appears at stoichiometric condition. For 
λ=1.45 condition, the suitable combustion phase cannot be attained which is restricted 
by misfire, resulting in unsatisfying ITE.  
 

 
Figure 17: comparison of indicated thermal efficiency between FAI and CSI 

 
Combustion stability is compared in Figure 18 using the coefficient of variation (COV) 
calculated by IMEP of consecutive cycles. Except for the leanest condition, the COV 
is comparable and all of them is under 3%. However, the COV of FAI under λ=1.45 
condition is unacceptably high, reflecting that the stability of FAI with lean combustion 
needs to be improved. 
 



 

 
Figure 18: comparison of coefficient of variation between FAI and CSI 

 
It can be concluded from the above engine test results that the performance of FAI 
under lean-burn condition is limited by misfire due to residual gas trapped in the tunnel. 
In order to solve the problem, the FAI system is modified by introducing a space by the 
side of spark position, named residual gas cavity, as shown in Figure 19. The residual 
gas cavity is off-centered, serving for storage of the residual gas. During the compres-
sion stroke, the residual gas which has not been exchanged outside the tunnel will be 
compressed to the cavity space instead of remained at the spark position in the effect 
of piston motion. Thus the ignition inside the tunnel can be ensured. The tunnel length 
and diameter of the modified design were 15 mm and 6 mm, respectively. The number 
and blockage ratio of the annular obstacles were kept the same with the original design. 
 

                              
(a) original design                          (b) modified design 

Figure 19: the original design and modified design (with residual gas cavity) of FAI 
system assembled in the engine 

 
Figure 20 shows the in-cylinder pressure and heat release rate of modified FAI. The 
characteristics of late pressure response and centralized heat release remain. 
Ignition delay is shown in Figure 21. Although FAI still behaves longer ignition delay, 
the gap is effectively narrowed, indicating that the ignition and combustion process 
inside the tunnel is improved. More importantly, attributing to the introduction of resid-
ual gas cavity, misfire limit has been eliminated which provides the capacity to adjust 
combustion phase flexibly. 
The indicated thermal efficiency and coefficient of variation are displayed in Figure 22 
and Figure 23, respectively. On account of above improvement, modified FAI gains 
higher ITE than CSI with acceptable combustion stability under all mixture conditions. 



 

As a result, the lean-burned FAI performance is effectively enhanced by the modifica-
tion with residual gas cavity. 
 

 
Figure 20: In-cylinder pressure and heat release rate of modified FAI with residual 

gas cavity in engine, compared with CSI 
 

 
Figure 21: comparison of ignition delay between modified FAI with residual gas cavity 

and CSI 
 

 
Figure 22: comparison of indicated thermal efficiency between modified FAI with re-

sidual gas cavity and CSI 
 



 

 
Figure 23: comparison of coefficient of variation between modified FAI with residual 

gas cavity and CSI 
 

4 Conclusions 

In this paper, classical pre-chamber jet ignition and a new pre-chamber jet ignition 
method called flame accelerated ignition were investigated. Optical RCM was used to 
detailed study the ignition and combustion process of both methods. Moreover, the 
newly proposed flame accelerated ignition was tested in a single cylinder natural gas 
engine. The conclusions are summarized as following:  
(1) The classical pre-chamber jet ignition is classified as two modes: double stage 

combustion and single stage combustion. Under a certain pressure and tempera-
ture condition, nozzle configuration is the key factor affecting the combustion mode. 

(2) Double stage combustion mode takes place in the condition with relatively small 
nozzle dimension. The jet cannot ignite the mixture in the main chamber directly 
due to the quenching effect. Ignition inside the main chamber occurs away from the 
nozzle after a lag time, initiating the speedy second-stage combustion. Therefore, 
double stage combustion shows long ignition delay and extremely short combustion 
duration. Due to the randomness of ignition in the main chamber, the combustion 
stability of double stage mode is unsatisfying. Moreover, the range of nozzle con-
figuration led to double stage combustion is narrow. 

(3) With the increase of nozzle dimension, combustion switches to the single stage 
mode. The mixture in the main chamber is directly ignited by the flame jet develop-
ing from the nozzle. Hence the combustion inside the pre-chamber and the main 
chamber takes place continuously, showing single-stage characteristic. In this 
mode, the ignition delay and the combustion duration can be shortened simultane-
ously with satisfying combustion stability. The flame jet consists of thin fire near the 
nozzle and approximately conical fire in the tip, expanding rapidly with axial speed 
over 15 times than that of conventional flame propagation. 

(4) According to the concept of flame acceleration in tunnel and pre-chamber jet igni-
tion, flame accelerated ignition is realized by a flame acceleration tunnel set be-
tween the spark plug and the main chamber. RCM experiment proved the effect of 
enhancing combustion achieved by FAI. The mixtures in the main chamber can be 
rapidly ignited by the cylindrical flame jet rushed out of the tunnel. 



 

(5) According to the engine test results, FAI possesses the capacity to reduce negative 
work and accelerate combustion, leading to higher thermal efficiency than conven-
tional spark ignition. The best performance takes place at stoichiometric condition. 
With the increase of excess air ratio, the advantages are weakened and the com-
bustion phase is restricted by misfire due to the residual gas trapped in the tunnel. 
The introduction of residual gas cavity eliminates the misfire and guarantees the 
performance of FAI under all mixture conditions. 
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