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Abstract: 

The objective of this study is to demonstrate a novel combustion system in 
which auto-ignition is induced by spark discharge into a pre-mixture 
formed during a long ignition delay time at a direct injection(DI) diesel 
engine with a low compression ratio. An experiment is conducted to 
investigate the potential of spark discharge on the auto-ignition process by 
changing the spark timing, injection timing, equivalence ratio, and fuel 
amount. The fuel used is lauric methyl ester, which is a fatty acid methyl 
ester that has relatively higher volatility and higher ignition quality than 
petro diesel fuel. The results obtained by single cylinder common-rail DI 
diesel engine show that with a volumetric efficiency of 34%, spark-induced 

compression ignition (SICI) combustion is observed. In this study, the 
auto-ignition timing is advanced by spark discharge and is controlled by 
the spark timing within 5 deg. CA. We also observed SICI combustion 
flame by constant volume combustion vessel using direct flame high-speed 
photography and OH radical chemiluminescence spectroscopy by means of 
the combination of an optical band-pass filter, an image intensifier and 
CCD camera. As a result, it was found that SICI occurs not by flame 
propagation due to spark ignition but by auto-ignition of pre-mixture 
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formed by spray. It was also clear that the auto-ignition is induced by 
transportation of OH radical at spark plug with spray flow. 
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ABSTRACT 

The objective of this study was to demonstrate a novel combustion system in which 

autoignition is induced by spark discharge into a pre-mixture formed during a long ignition 

delay time in a direct injection (DI) diesel engine with a low compression ratio. The effects 

of spark discharge on the autoignition process were investigated by changing the spark 

timing, injection timing, equivalence ratio and fuel amount. The fuel used was lauric acid 

methyl ester, a fatty acid methyl ester that is relatively volatile and exhibits higher ignition 

quality than standard diesel fuel. The results obtained with a single cylinder common-rail 

DI diesel engine show that spark-induced compression ignition (SICI) combustion was 

obtained with a volumetric efficiency of 34%. In this study, the autoignition timing was 
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advanced by spark discharge and was controlled by the spark timing within 5° CA. We also 

observed the SICI combustion flame in a constant volume combustion vessel using direct 

high-speed photography and OH radical chemiluminescence spectroscopy by means of a 

combination of an optical band-pass filter, an image intensifier and a CCD camera. The 

results showed that SICI occurs not by flame propagation due to spark ignition but by 

autoignition of a spray pre-mixture. It was also evident that autoignition is induced by 

transportation of OH radicals formed at the spark plug by the spray flow. 

 

  Keywords : Biodiesel, Low Compression Ratio, Diesel Engines, Combustion, Spark 

 

1. INTRODUCTION 

It is well known that a low compression ratio (LCR) is desirable in diesel engines 

[1,2]. According to Miyamoto et al. [3], and as shown in Fig. 1, the change induced in the 

cooling loss (ψw) by reduction of the compression ratio from 16:1 to 12:1 is about 5%, 

whereas the change associated with reducing the ratio from 16:1 to 13:1 is minimal. In 

contrast, the degree of constant volume (ηglh) consistently increases as the compression 

ratio is decreased. For this reason, the rate of decrease of thermal efficiency with decreases 

in the compression ratio as determined by considering ψw and ηglh is lower than the rate of 
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decrease of the theoretical thermal efficiency (ηth), as shown in Fig. 2. In addition, the 

application of a LCR is associated with low maximum pressure in the cylinder. The result 

is that both mechanical loss and heat loss are reduced, such that the brake thermal 

efficiency of a LCR engine can equal that of a high compression ratio engine. 

In terms of exhaust emissions, a LCR leads to longer ignition delay times, 

allowing sufficient time for the formation of a lean mixture and so reducing the quantities 

of NOx and soot produced. However, this long ignition delay time also makes starting 

difficult under cold conditions, inducing unstable combustion under low loads and making 

active control of the ignition timing challenging. 

The present study investigated the application of spark discharge in LCR diesel 

engines to overcome these problems. This approach involves the application of autoignition, 

induced by spark discharge, of a pre-mixture formed during the long ignition delay time 

resulting from the LCR. Spark-assisted diesel engines have been investigated by several 

researchers, and one prior publication has noted problems with plug fouling in spark-

ignited diesel engines with a compression ratio of 12.1:1 [4]. Dhinagar et al. [5] reported 

that a low heat rejection, spark-assisted diesel engine fueled with diesel and operating at a 

compression ratio of 12.5:1 gave the best performance among the tested configurations, 

with an improved thermal efficiency of 3% and a reduced exhaust smoke level of 1.5 Bosch 
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units, compared with a standard diesel engine operating at a compression ratio of 16.5:1. 

Fritz and Abata [6] investigated the cold start characteristics of a spark-assisted diesel 

engine operating on broad cut diesel fuel. Phatak and Komiyama [7] also reported that 

optimal performance was obtained at a compression ratio of 12.2:1 and a swirl ratio of 10 

in a spark-assisted engine fuelled with DF-2 along with 20% methanol emulsified fuel. 

Persson et al. [8] found that the spark-assisted compression ignition (SACI) mode in a 

compression ignition engine with a compression ratio of 9.1:1, running on an ethanol/n-

heptane fuel blend, was achieved by operating with a negative valve overlap (NVO) and 

trapping hot residuals. The SACI mode in that study was defined as combustion on the 

borderline between spark ignition (SI) and homogeneous charge compression ignition 

(HCCI) combustion modes. 

The effects of spark discharge on ignition and on the combustion process, 

especially when employing a fuel with a high cetane number, have been investigated by 

several researchers. Examples include Ando et al. [9], Kuwahara et al. [10] and Nagamine 

et al. [11], who demonstrated these effects using a simulation of the chemical reaction 

process, employing a rapid compression machine (RCM) and dimethyl ether (DME) as the 

fuel. However, there has been little research concerning the control of ignition and 
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combustion in LCR direct injection diesel engines by spark discharge into a pre-mixture 

formed by a high cetane number fuel. 

This paper reports an experimental study investigating the effects of spark 

discharge on the autoignition process while varying the spark timings, injection timings, 

equivalence ratios and fuel amounts.  

Additionally, we observed the SICI combustion flame in a constant volume 

combustion vessel using direct flame photography and OH radicals chemiluminescent 

spectroscopy, by means of a combination of optical band-pass filters. During these studies, 

lauric acid methyl ester (LaME) was used as a high cetane number fuel. LaME is a fatty 

acid methyl ester (FAME) that exhibits high volatility and good ignition quality. This 

material also represents a biodiesel fuel derived from plant oil and thus its use does not 

contribute to the global carbon dioxide burden. 

 

2. SICI COMBUSTION CONCEPT 

 

Spark induced compression ignition (SICI) combustion involves autoignition 

induced by spark discharge and represents a new process that makes it possible to realize 

stable combustion by combining a low compression diesel engine and spark discharge 
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along with a FAME that has high ignitability and high volatility. As shown in Fig. 3, this 

process involves several steps. Initially, a low compression ratio is applied to lean out the 

pre-mixture and to increase the ignition delay time, thus generating unstable combustion. 

Secondly, during the elongated ignition delay time, autoignition is induced by spark 

discharge into a lean pre-mixture to achieve stable combustion, active control of ignition 

timing and improved starting performance. Finally, as a result of employing a FAME with 

a high cetane number and high volatility as the fuel, the probability of inducing ignition is 

increased. 

This SICI combustion concept, incorporating LCR, represents a promising means 

of reducing exhaust emissions and achieving high combustion efficiency through decreased 

friction. The practical applications of this concept will also contribute to an overall 

reduction in carbon dioxide emissions as a result of the use of biodiesel fuels based on 

FAMEs. 

 

3. EXPERIMENTAL APPROACH 

3.1 Fuel Properties 

   Engine tests were carried out using LaME as the fuel (Paster M-12, Lion Co., Japan). In 

contrast to typical FAMEs made from rapeseed or soybean oils, LaME is a methyl ester 
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derived from a short chain fatty acid that accounts for approximately 50% of the fatty acid 

content of coconut oil. The characteristic properties of LaME are provided in Table 1, which 

also shows the characteristics of gas oil as a comparison. In a previous paper [12], it was 

shown that LaME exhibits both a relatively low boiling point compared to typical FAMEs 

and high ignition quality. The cetane number (CNCFR as measured in a CFR engine) of this 

fuel is also provided in Table 1 and demonstrates that LaME has almost the same 

ignitability as gas oil. 

 

3.2 Engine Tests 

Fig. 4 shows a schematic illustration of the experimental setup, while Table 2 

presents the main specifications of the test engine. A single-cylinder water-cooled direct 

injection (DI) diesel engine (FD-1, Nissan Diesel Co., Japan) with a common-rail system 

(ECD-U2, Denso Co., Japan) was used during all experimental trials. The combustion 

chamber employed incorporated a shallow dish-type design in which the ratio of the 

diameter of the chamber, d, to the diameter of the bore, D, was d/D = 0.86, and in which the 

chamber depth was H = 7.0 mm [13]. The compression ratio was fixed at 14:1 during the 

trials. A butterfly valve was installed in the intake manifold to control the intake airflow 

rate. The swirl number was about 0.7 under wide open throttle (WOT) conditions and a 
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spark plug (VFKH16, Denso Co., Japan) and ignition coil intended for use in passenger 

vehicles (FK0356, Diamond Electric Co., Japan) were used. The discharge energy was 

fixed at 30 mJ and the discharge time was held constant at 1.2 ms.  

Fig. 5 presents a schematic showing the positions of the spark plug and injection 

nozzle. The spark plug was positioned such that the tip of the negative electrode was 

located inside the skirt of the combustion chamber and was vertically 3 mm from the 

cylinder head. As a result, one of the five fuel sprays was always close to the electrode. 

 During the experimental trials, the engine speed, injection pressure and coolant 

temperature were maintained at 1800 rpm, 100 MPa and 80 °C, respectively. The cylinder 

pressure and the nozzle needle lift were measured using a piezoelectric transducer 

(6053CCsp, Kistler Japan Co., Ltd.) and a hall-effect transducer, respectively. The signals 

from all of the above instruments were input into an engine combustion analyzer (DL-750, 

Yokogawa Electric Co., Japan) to calculate the rate of heat release. The spark signal was 

generated by a timing controller (LC220, Lab Smith Co., U.S.A.), using a crankshaft and the 

TDC signals. 

 

3.3 Visualization of Ignition and Combustion 

     Figs. 6(a) and 6(b) show the experimental setup employed for visualization of 
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ignition and combustion in the constant volume combustion vessel. The combustion vessel 

had a volume of 700 cc and its inner wall was heated electrically. The designated quantity 

of high-pressure fuel was pumped into the chamber by a manually operated high-pressure 

pump and the fuel was injected by a common-rail injector (number of holes = 7, nozzle 

orifice diameter = 0.157 mm, DENSO Co.). Although the nozzle orifice diameter of the 

constant volume combustion vessel differed from the 0.18-mm diameter used in the LCR 

engine, momentum theory predicts that both instruments will exhibit similar development 

of the fuel spray in the vicinity of the spark plug. In addition, the swirl airflow has little 

effect on the engine combustion characteristics when the spark plug and spray are situated 

in their present locations, since the swirl intensity in the experimental LCR engine is quite 

weak due to the low swirl number of 0.7 and the use of a very shallow, flat bottomed dish-

type combustion chamber. 

 The same spark plug and pressure transducer as had been employed in the test 

engine setup were installed in this apparatus. The times at which injection and combustion 

events occurred were recorded using a high-speed video camera facing a quartz glass 

window. An optical interference band-pass filter and a CCD camera with an image-

intensifier were also used to detect the chemiluminescence of OH radicals generated during 

autoignition and combustion. The central wavelength of the optical interference band-pass 
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filter was 314.5 nm and its full width at half maximum (FWHM) was between 309 and 320 

nm. 

 In this study, high-temperature, high-pressure conditions were created to simulate 

diesel combustion through the spark-ignited combustion of a hydrogen/oxygen/nitrogen gas 

pre-mixture. The spark plug was also used to trigger SICI combustion. Fig. 7 shows the 

procedure applied when simulating diesel-like conditions, based on changes over time in the 

pressure of the constant volume combustion vessel. The vessel is initially filled to a pre-

determined density with a premixed hydrogen/oxygen/nitrogen combination. This mixture is 

then ignited by a spark electrode, creating a high-temperature, high-pressure environment 

through combustion of the initial premix. The gases in the vessel subsequently cool due to 

heat transfer to the vessel walls and the pressure slowly decreases. 

 During this pressure decay, the diesel fuel injector is actuated when the desired 

pressure is reached. When the pressure in the vessel reaches 1.5 MPa, fuel injection is 

initiated using the common-rail injector at a rail pressure of 40 MPa. The gas temperature in 

the vessel was maintained at approximately 790 K in each experimental trial by the 

precombustion of the gas mixture and by insulation of the vessel walls. The gas temperature 

was estimated by equilibrium calculation based on gas composition and gas pressure in the 

vessel. If suitable conditions exist at this point, autoignition and combustion of the diesel 
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spray occur and the second pressure rise shown in this figure is generated. In the present 

study, SICI combustion was executed in this manner via discharge of the spark electrode. 

 

4. RESULTS AND DISCUSSION 

 

4.1 Effects of Spark Discharge on Autoignition 

Typically, a two-stage heat release process is observed during diesel combustion 

with a long ignition delay. Combustion in the first stage is controlled by low temperature 

reactions (LTRs), while second-stage combustion (the rapid combustion phase) is 

associated with high-temperature reactions (HTRs). As a means of investigating the effects 

of spark discharge on heat release in the first stage and to determine whether or not this 

discharge induces a second heat release, a spark was discharged around the crank angle at 

the onset of the first heat release. In the experimental trials, the effects of spark discharge 

on autoignition were investigated under conditions in which the fuel quantity, Q, was equal 

to 1.1 kJ/cycle, which is equivalent to a low load at which the brake mean effective 

pressure is 0.2 MPa. Using a butterfly valve, the volumetric efficiency, ηv, was maintained 

at 34 vol% (an equivalence ratio of φ = 0.93). These experimental conditions were selected 
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so as to attain SICI combustion at a low engine load approximating those associated with 

engine restart.  

Fig. 8 shows the experimental results obtained in trials employing three spark 

timing and without spark discharge. When employing 19° BTDC spark timing, the heat 

release plot is composed of two distinct patterns and the ignition timing of the second heat 

release over several cycles is advanced by about 5° CA. When the spark timing, θsp, is set 

to coincide with the maximum of the first heat release rate (θp =11° BTDC), the ignition 

timing of the second heat release in all cycles is advanced by about 5° CA. It therefore 

appears that there is a relationship between the liquid spray after fuel injection end and the 

energy discharge timing of the spark plug. 

 

4.2 Effects of Spark Discharge Timing 

Fig. 9 shows the effects of spark discharge timing on the ignition timing and the 

heat release rate. When applying earlier spark timing, the heat output between the first 

release and second significant heat releases is enhanced, and thus the ignition timing of the 

second heat release occurs sooner. This occurs because the radicals supplied by the spark 

discharge induce local heat release. The highest intensity of radicals is generated by a 

stoichiometric combustion mixture. For this reason, we believe that a stoichiometric spray 
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mixture exists in the vicinity of the spark gap and that the spark energy initiates the 

chemical oxidation reaction of the mixture, which in turn generates chemical species such 

as OH radicals. With earlier spark timing, the distribution of the pre-mixture around the 

spark plug is suitable for flame propagation and thus the heat release rate increases between 

the end of the first heat release and the start of the second heat release. 

 

4.3 Effects of Equivalence Ratio 

Fig. 10 summarizes the effects of the equivalence ratio on SICI combustion. Here, 

the equivalence ratio was changed from φ = 0.93 to φ= 0.76. This figure demonstrates that 

the timing of the SICI combustion was essentially unchanged between these two conditions, 

despite the change in the equivalence ratio. Therefore SICI combustion is able to control 

the ignition timing and achieve stable combustion even when the amount of fuel is varied. 

 

4.4 Conditions Necessary to Achieve SICI Combustion 

To clarify the conditions affecting SICI combustion, the injection timing and 

ignition timing were both varied, while maintaining the amount of fuel supplied such that Q 

= 1.1 kJ/cycle, and applying a volumetric efficiency of ηv = 34 vol%. Herein, combustion 

during which the change in ignition timing is less than 1° CA, even with spark discharge, is 
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defined as conventional compression ignition (CI) combustion, while combustion in which 

the heat release gradually increases, such as in the case of flame propagation triggered by 

spark discharge, is defined as SI combustion. 

Fig. 11 shows the combustion modes associated with various combinations of ∆θ , 

(the difference between spark timing (θ sp) and injection timing (θj)) and θj. In these 

experiment trials, θj was varied when the ignition timing was nearly at top dead center 

(TDC) and when a misfire was observed on the after top dead center (ATDC) side.  

In Fig. 11, SICI combustion is observed over a very narrow range of ∆θ values 

(from 8 to 18° CA) at any value of θj  (from -26 to -18° ATDC), as indicated by the 

unfilled circle symbols. Over the range of θj values, as ∆θ is increased beyond 20° CA, the 

effects of spark discharge on autoignition are not observed and conventional CI combustion 

occurs, as indicated by the cross symbols. At equivalent θj values, as ∆θ becomes less than 

5° CA, the heat release rate diagram is divided into two patterns, as shown by the triangle  

symbols. At θj values greater than -18° ATDC, misfiring is observed without spark 

discharge and a gradual increase in heat release is observed with spark discharge, as 

indicated by the square symbols. 

The conditions affecting SICI combustion may be discussed based on the 

relationship between the heat release rate diagram and the spark timing presented in Fig. 8. 
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SICI combustion is not observed when ∆θ is less than 5° CA since the pre-mixture does not 

reach the area near the spark plug, or because the pre-mixture has significant momentum 

due to the initial spray motion during the enlargement of the primary flame kernel. For this 

reason, when θsp equals 19° BTDC (∆θ  = 5° CA), the heat release rate diagram is divided 

into two patterns, as can be seen in Fig. 8. 

SICI combustion is not observed when ∆θ is greater than 18° CA, presumably 

because autoignition over the entire combustion area occurs prior to the local heat release 

induced by spark discharge is adequate, due to the insufficient rate of chemical reaction or a 

delay in the enlargement of the initial flame kernel caused by a decreased quantity of pre-

mixture near the spark plug. Therefore, this limit can possibly be extended by several 

means: adjusting the position of the spark plug, forming an adequate pre-mixture near the 

spark plug or increasing the discharge energy. The difference between the spark timing and 

the ignition timing advanced by spark discharge is about 5° CA and so, to achieve SICI 

combustion under these conditions, it may be necessary to increase the delay time beyond 5° 

CA between the onset times of the first and second heat releases. However, this delay is 

likely related to the properties of the pre-mixture near the spark plug and the flow motion, 

the details of which will be studied in future investigations employing a constant volume 

vessel and an optical path. 

Page 16 of 44

http://mc.manuscriptcentral.com/IJER

International Journal of Engine Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 

 16 

When θj is later than -15° ATDC (between the square and triangle symbols), 

autoignition does not occur - even with the small amount of heat release induced by the 

spark discharge – due to the significant drop in temperature resulting from the falling 

motion of the piston. 

The results shown in Fig. 11 may only apply at the compression ratio of 14:1 

employed in the present study. In the case of higher compression ratios, the gas temperature 

at the end of the compression stroke is higher. For this reason, conventional CI combustion 

will occur under all conditions and the effects of spark discharge on autoignition will not be 

observed. When lower compression ratios are applied, however, conventional CI 

combustion will not take place due to the lower compression-end gas temperature. 

 

4.5 Effects of SICI Combustion on Starting in LCR Engines 

It is possible to improve starting performance in low compression diesel engines 

under SICI combustion. Fig. 12 shows the temporal variations in the cylinder pressure, heat 

release rate and needle lift at a θj value of 18° BTDC.  

When the engine is started without spark discharge, the resulting combustion is 

unstable and misfires occur. In addition, the ignition timing is extremely retarded, as shown 

in Fig. 12(a). To obtain regular ignition and stable combustion, the spark was discharged at 
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5° BTDC, after which the ignition timing was advanced and SICI combustion with a low 

COV took place, as in Fig. 12(b). Furthermore, after several SICI combustion cycles, when 

sparking once more ceased, stable autoignition was observed at the usual diesel combustion 

timing with a low COV, as shown in Fig. 12(c). This occurs because the temperature of the 

vessel walls rise to a steady state condition due to the previous stable SICI combustion 

cycles. As a result, SICI results in a stable value of indicated mean effective pressure 

(IMEP) following several unstable cycles, as shown in Fig. 13. 

These results indicate that SICI combustion can warm up an engine and improve 

starting performance when a LCR is used. Even though the temperature of the engine and 

the intake air taken from a cold atmosphere will be relatively low compared with our 

experimental conditions, such that the temperature at the end of the compression stroke 

approaches low volumetric efficiency and the flow motion in the cylinder is reduced due to 

the low engine speed, these conditions increase the likelihood of SICI combustion in a cold 

atmosphere. 

 

4.6 Direct Flame and OH Radical Imaging during SICI Combustion in a Constant 

Volume Combustion Vessel  

Page 18 of 44

http://mc.manuscriptcentral.com/IJER

International Journal of Engine Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 

 18 

Figs. 14 and 15 present the time history of OH radical images and direct flame 

images during ignition and combustion processes, along with the rate of heat release. In the 

case of ordinary spray autoignition and combustion without spark discharge, luminescence 

from OH radicals is observed at approximately 3 ms, as seen in Fig. 14. In contrast, Fig. 15 

shows that the application of spark discharge causes luminescence from OH radicals to 

appear sooner.  

Based on the result obtained from visualization of ignition and combustion, several 

statements may be made concerning the ignition mechanism associated with SICI. As 

shown in Fig. 16, the ignition kernel, including OH radicals, is initially generated by the 

spark discharge. This kernel is transported by the motion of the spray to the entrainment 

and mixing region, after which it assists in autoignition of the spray mixture. Finally, 

exothermic reactions are induced in the spray mixture surrounding the autoignited spray. 

Based on the results obtained with the LCR engine, when the spark timing is set to 

coincide with the maximum of the first heat release rate, the ignition timing of the second 

heat release is advanced, as shown in Fig. 8. During the trials involving combustion 

visualization in the constant volume vessel, however, a two-stage heat release rate process 

was not clearly observed. This apparent disparity may be due to variations in the 

temperature of the spray mixture. In the LCR engine, the gas temperature at the end of the 
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compression stroke is approximately 550 K as the result of the pressure induced at the end 

of the stroke and the volumetric efficiency. In contrast, although the chamber pressure in 

the constant volume vessel is equal to the pressure at the end of the compression stroke of 

the LCR engine, the equilibrium calculation from gas composition and gas pressure 

indicates that the gas temperature is approximately 790 K. For this reason, heat release due 

to slow oxidation at lower temperatures was not observed in the constant volume vessel and 

so a two-stage heat release, such as is seen in Fig. 8, is not evident in Figs. 14 and 15. 

It is worthwhile to inquire as to the reason why auto-ignition is induced by spark 

discharge. This phenomenon appears to result from a spark gap internal to the spray 

mixture, such that the mixture generates a kernel for autoignition on spark discharge and 

this kernel subsequently moves to an ignitable spray mixture formed from the spray flow or 

swirl flow. In the constant volume vessel, the swirl motion is negligible but spray flow is 

observed, whereas in the LCR engine there is a weak swirl but its effect is not negligible. In 

the future, we plan to carry out additional observations with the aim of confirming SICI 

combustion in a cylinder using an LCR engine. 
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5. CONCLUSIONS 

This study demonstrated a novel combustion system in which autoignition is 

induced by spark discharge into a pre-mixture formed during a long ignition delay time in a 

low compression ratio direct injection diesel engine. The results of this study can be 

summarized as follows: 

(1) A combustion-mode diagram demonstrated that SICI combustion occurred at a 

relatively low load, an engine speed of 1800 rpm and a volumetric efficiency of 34 %, all of 

which approximate engine restart conditions.  

(2) The highest advancement of autoignition timing induced by SICI combustion during 

these experimental trials was approximately 5° CA, suggesting that active control of 

autoignition timing by means of adjusting spark timing is possible. 

(3) Based on visual observations of combustion, the advancement of autoignition timing is 

caused by the transportation of an ignition kernel generated by spark discharge. 
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                     Table and Figure captions 

Table 1. Primary specifications of the experimental fuel 

Table 2. Primary specifications of the experimental test engine 

Figure 1. Effect of compression ratio on ψw and ηglh. From ref. [3]  

Figure 2. Variations in theoretical thermal efficiency based on expressions involving ψw 

and ηglh. From ref. [3] 

Figure 3. The SICI combustion system as proposed in this study 

Figure 4. Schematic illustration of experimental set up 

Figure 5. Positioning of the spark plug and injection nozzle  

Figure 6. (a)(b) Experimental set up for visualization of ignition and combustion in a 

constant volume combustion vessel 

Figure 7. Pressure variations over time in a constant volume combustion vessel resulting 

from H2 preburning and autoignition by fuel injection 

Figure 8. Variations in cylinder pressure, heat release rate and nozzle needle lift associated 

with three spark timing without spark discharge 

Figure 9. Effects of spark discharge timing on ignition timing and heat release rates 

Figure 10. Effect of the equivalence ratio(φ) on SICI combustion 
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Figure 11. Combustion modes associated with various values of the interval between spark 

and injection timing (θ sp -θj) and injection timing  

Figure 12. Improvement of engine re-starting 

Figure 13. Variations in IMEP from the onset of fuel injection with and without spark 

discharge  

Figure 14. Combustion without spark discharge 

Figure 15. Combustion with spark discharge  

Figure 16. Mechanism of ignition by SICI  
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Figure 1 Effect of compression ratio on ψw and ηglh. From ref. [3]  
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Figure 2. Variations in theoretical thermal efficiency based on expressions involving ψw and ηglh. From ref. 
[3]  
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Figure 3 The SICI combustion system as proposed in this study  
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Figure 4 Schematic illustration of experimental set up  
124x64mm (300 x 300 DPI)  

 

 

Page 30 of 44

http://mc.manuscriptcentral.com/IJER

International Journal of Engine Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

Figure 5 Positioning of the spark plug and injection nozzle  
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Figure 6(a)  
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Figure 6(b) Experimental set up for visualization of ignition and combustion in a constant volume 
combustion vessel  

165x110mm (300 x 300 DPI)  

 

 

Page 33 of 44

http://mc.manuscriptcentral.com/IJER

International Journal of Engine Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

Figure 7 Pressure variations over time in a constant volume combustion vessel resulting from H2 preburning 
and autoignition by fuel injection  
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Figure 8 Variations in cylinder pressure, heat release rate and nozzle needle lift associated with three spark 
timing without spark discharge  
150x87mm (300 x 300 DPI)  
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Figure 9 Effects of spark discharge timing on ignition timing and heat release rates  
108x48mm (300 x 300 DPI)  

 

 

Page 36 of 44

http://mc.manuscriptcentral.com/IJER

International Journal of Engine Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

Figure 10 Effect of the equivalence ratio(φ) on SICI combustion  
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Figure 11 Combustion modes associated with various values of the interval between spark and injection 
timing (θsp-θj) and injection timing  
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Figure 12 Improvement of engine re-starting  
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Figure 13 Variations in IMEP from the onset of fuel injection with and without spark discharge  
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Figure 14 Combustion without spark discharge  
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Figure 15 Combustion with spark discharge  
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Figure 16 Mechanism of ignition by SICI  
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Table 1 Primary specifications of the experimental fuel  
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Table 2 Primary specifications of the experimental test engine  
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