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Abstract 

In spark-ignition combustion, knocking combustion inherently 

presents an interaction between the main flame front and end gas 

autoignition. Conventionally, it generates a high amplitude pressure 

wave traveling across the chamber that can be responsible for 

reducing the performance of the engine, and can cause heavy damage 

to engine components. In order to study the phenomenon in a 

controllable way, experiments were performed on a specialized 

single-cylinder research engine fitted with a liner equipped with four 

equi-spaced spark plugs in the side so as to propagate various flame 

topologies from those locations, and hence achieve more controlled 

knock events. In addition, six pressure transducers were employed at 

distinct locations to precisely record details of the autoignition event 

by monitoring the pressure oscillations, and with them the 

combustion characteristics and knock intensity. Various spark 

ignition approaches such as the spark timing (ST), the number of 

ignition sites, and the location of the active spark plugs were applied 

to analyze the knock attributes for different ignition strategies. It has 

been observed that the knock intensity of single spark ignition is 

normally weak, while increasing the activated plug number from one 

to three could remarkably increase the maximum amplitude of 

pressure oscillation (MAPO) and knock cycle numbers. However, 

four spark ignition mitigates the steep pressure spikes caused by 

knock, and reduces the MAPO to a lower level than triple spark 

ignition. . Since knock occurrence depends on the relative air-fuel 

ratio (λ), this paper also described the effect of rich and lean 

conditions (λ = 0.7, 0.9, 1.0, and 1.3), on knock instigation coupled 

with firing multiple spark ignition sites. The experimental results 

revealed that λ = 0.9 case shows the maximum knock propensity 

along with various high frequency acoustics modes due to higher heat 

release rate with faster flame propagation inside the chamber. 

However, for the same operating conditions λ = 0.7 and 1.0 gave 

slight to moderate knock.  

 

1. Introduction 

The future of internal combustion (IC) engines is associated with 

high efficiency and low emissions of unwanted species such as CO2, 

CO, HC, NOx, and particulate matter [1]. Various advanced 

technologies in spark ignition (SI) engines such as down-speeding, 

downsizing, and high pressure combustion are focused to meet the 

future demand of engines [2]. However, all these modern 

technologies are restricted by engine knock [3, 4]. Knock refers to a 

“pinging”-like sound inside the cylinder, generated by the collision 

between main flame front and end gas autoignition that leads to a 

pressure wave with high amplitude travelling repeatedly across the 

combustion chamber [5, 6]. Knocking combustion releases the 

remaining heat release very rapidly, and is responsible for 

overheating and serious damage [5, 7]. Generally, this form of knock 

is called spark-assisted knock or spark knock, and the propensity of 

such knock occurrence can be controlled by retarding the spark 

timing (ST) [8]. Knock phenomena can be commonly described by 

two theories: The knock associated with autoignition and the flame 

propagated with subsonic speed called deflagration that produced 

lighter knock, while knocking combustion generated by end-gas 

autoignition and propagated at supersonic speed caused to moderate 

to higher knock intensity known as detonation [9-11].  

The key factors involved in knock studies are the parameters 

affecting knock, detection techniques and suppression methodologies 

[1, 5]. There are several parameters that can be used to mitigate the 

knock such as fuel property [12, 13], compression ratio [14, 15], air-

fuel equivalence ratio (λ) [16], boundary conditions [17], and the 

number of ignition sites and timing [18, 19], etc. Increasing the 

octane number (ON) of the fuel can reduce the knock occurrence, and 

decreasing the coolant boundary temperature can also help to reduce 

the knock [12, 17]. Juan et al [16]  studied the equivalence ratio 

effect on knock, and found that λ has a strong effect on knock 

intensity because it controls the flame speed inside the chamber 

which in turn affects the unburned charge temperature inside the 

chamber [20].  In addition, many studies used different techniques to 

detect the knock that includes in-cylinder pressure and heat release 

rate (HRR) analysis [21], combustion noise and vibration signals [22-

24]. Optical studies have also been undertaken to observe the 

interaction of the main flame front and end-gas combustion mode 

respectively [25]. The high amplitude pressure oscillation stimulated 

during combustion can be a more effective way to characterize the 

knock event [26].  

Furthermore, in SI engines the flame propagates by way of  ignition 

by the spark plug and as a consequence the number of the ignition 

sites and their ST matters significantly [27]. Many studies have used 

the multiple ignition sites to burn the charge quickly by increasing 

the flame propagation rate, and achieved higher engine efficiency and 

reduced emissions [28, 29]. However, Pasternak et al [27] and Chen 

et al [30] both observed the effect of multiple spark plug on the 

knock mechanism, and described knock as being more accessible by 

firing multiple sparks than by a single spark plug, and also deduced 

that knock intensity could be reduced if the spark location was 

chosen near to the position where autoignition could occur. 

Therefore, the use of multiple ignition sites and their effects on 

engine operating conditions can be a more interesting area in knock 

research.   



 

 

Since the multiple ignition sites and air-fuel equivalence ratio (λ) 

have a strong effect on engine knock, and no study has described 

both effects together. This work covers the effect of multiple spark 

plugs on engine output parameters, along with their interaction with 

various λ conditions. The current study used a specialized metal liner 

equipped with four equispaced spark plugs in the side wall so as to 

propagate various flame topologies from those locations under 

various spark plug conditions (defined as 1, 1+3, 1+2+3, and 

1+2+3+4, related to the spark plugs that were active; see later for 

further details). Additionally, six pressure transducers were used to 

encounter the intensity of pressure oscillation from distinct locations, 

along with the frequencies induced during knocking combustion. 

Furthermore, four different air-fuel equivalence ratios from rich to 

lean conditions (λ = 0.7, 0.9, 1.0, and 1.3) and their effect on knock 

formation were also briefly explored in this research work. 

  

2. Experimental setup 

A single cylinder research engine based on a compression-ignition 

architecture (AVL-5402) was used to carry out the experiments. A port 

fuel injection (PFI) system was fitted in the inlet manifold along with 

a Bosch port injector (part number 62354). A schematic of engine is 

shown in Figure 1 (a), and Table 1 demonstrates the detailed 

specification of the engine geometry. In order to determine the effects 

of multiple ignition sites, a customized metal liner fitted with four 

equispaced spark plugs along with four pressure transducers were 

installed on the circumference of the liner and the complete 

representation is shown in Figure 1 (b). Two further pressure 

transducers were fitted in the top of the combustion chamber, bringing 

the total to six.  The spark plugs and pressure sensors in the liner were 

labelled from 1 to 4 respectively to observe the ignition sites and 

monitoring the pressure oscillation. The liner was specified with inner 

and outer diameters of 85 mm and 135 mm along with a height of 29 

mm respectively. In addition, an 83.5 mm diameter piston was located 

inside the combustion chamber, moving into it so that a geometric 

compression ratio of 8.5 was established. To control the test engine the 

AVL PUMA open automation system was used. Furthermore, the 

engine was a modified CI type that has a counter-clockwise swirl.  

 

 

(a) Engine setup 

 



 

 

 

(b)  Specialized liner fitted with four spark plugs and four pressure sensors 
(viewed from top) 

 

(c) Positioning of spark plugs and pressure sensors  

Figure 1. Schematic of engine setup [7] 

Additionally, the complete positioning of spark plugs and pressure 

sensors with respect to inlet and exhaust valves are represented in 

Figure 1 (c). Four side spark plugs along with four pressure sensors 

were mounted on the circumference of the liner, and the side plugs 

were closely installed with a uniform space of offset of 150 degree  to 

the pressure transducers [7]. The other two pressure sensors were 

installed in the top of the cylinder head, one placed at the center and 

the other “top” sensor placed at a 35 mm offset from the center 

sensor. Table 2 shows the detailed list of pressure sensors.   

Table 1. Engine Specification [7] 

Description Specification 

Type Single-cylinder research engine 

Stroke 90 mm 

Bore 85 mm 

Swept volume 511 cc 

Compression ratio 8.5 

Piston geometry Flat 

Valve type DOHC 

Number of valves Intake (2), Exhaust (2) 

Intake valve 
Open  10° CA bTDC 

Close  50° CA aBDC 

Exhaust valve 
Open  60° bBDC 

Close  0° aTDC 

Engine management system  

Spark plug number and type 4 x ER8EH (NGK) 

 

Table 2. Specifications of pressure sensors [7] 

Description Specification 

Type GU22CK, AVL GH15DK, AVL 

Measuring 
range 

0 - 350 bar 0 - 300 bar 

Overload 400 bar 350 bar 

Sensitivity 34 PC/bar 19 PC/bar 

Linearity ≤ ± 0.3 % FSO ≤ ± 0.3 % FSO 

Operating 

temperature 

range 

-40 - 400 °C -40 - 400 °C 

Thermal 

sensitivity 

change 

≤ 1%, 20 - 400 °C,  
0 - 300 bar 

≤ 2%, 20 - 400 °C,  
0 - 300 bar 

≤ ± 0.25%, 250 ± 100 °C,  

0 - 300 bar 

≤ ± 0.5%, 250 ± 100 °C,  

0 - 300 bar 

Thermal 
shock error Δp 

(short-term 

drift) 

≤ ± 0.3 bar ≤ ± 0.4 bar 

Installed 

location  
Top Sides and center 

 

2.1 Operating conditions and fueling system 

Four different air-fuel equivalence ratios (λ = 0.7, 0.9, 1, 1.3) were 

chosen to perform the experiment with same fuel injection timing 

used throughout (SOI = -330 CAD aTDC) along with natural 

aspiration, with full load, wide-open-throttle WOT) condition. An air 

heater and pressure regulator were used to keep the air inlet 

temperature of 25°C and pressure 1 bar respectively. The AVL 

PUMA system was used to control the oil and coolant temperature at 

90 °C, and the engine speed was set to 1200 rpm. 132 continuous 

firing cycles were recorded by the AVL data acquisition system 

throughout the experiment [7]. Table 3 shows the detailed operating 

parameters.  

 

 
 

 



 

 

 
Table 3. Operating parameters  

 
Engine speed 1200 rpm 

Intake pressure (absolute) 1 bar 

Intake temperature 25 °C 

Coolant temperature 90 °C 

Oil temperature 90 °C 

Fuel injection pressure 6 bar 

Fuel injection timing -330 CAD aTDC 

 
 

Haltermann CARB LEV III E10 gasoline fuel was used throughout 

testing, and the amount of fuel injected, and the timing and duration 

of injection were regulated by IAV FI2RE software [7]. An injection 

pressure of 6 bar was used. The detailed test fuel properties are 

shown in Table 4.  
 

 

Table 4. Fuel properties (Haltermann CARB LEV III E10 Certification 
Gasoline) [7] 

 

Research octane number 

(RON) 

91.0 

 

 

30.5 

8.2 

5.0 

1.776 

0.015 

 

 

42.4 

 

2.88 

65.78 

Aromatics (% v/v) 22.5 

Motor octane number 

(MON) 
83.4 Olefins (% v/v) 5.7 

Specific Gravity (SG) 0.7483 Ethanol (% v/v) 10.0 

Lower heating value 

(MJ/kg) 
41.9 H/C ratio 1.982 

Energy density (MJ/L) 31.4 
O/C ratio 0.0336 

 

2.2 Multiple ignition site strategies 

This study presents the effects of multiple spark plug strategies on 

knock initiation. In order to observe the various knock characteristics 

such as knock intensity, propensity and autoignition onset, four 

distinct spark ignition approaches were used; these were a single 

spark plug or SP (1) strategy, double plugs (SP (1+3)), triple spark 

(SP (1+2+3)) and quadruple spark plugs (SP (1+2+3+4)). Figure 2 

shows the top view of four locations of spark plugs installed on the 

liner along with their triggering approach, i.e. it shows the active 

spark plugs used for each test case. The intake valves are close to 

spark plug (1) while the exhaust valves are mounted near spark plug 

(3). The combustion process could be initiated by firing the spark 

plugs with various spark timings, locations, and active spark plug 

numbers under SI conditions. The pressure fluctuations encountered 

by firing these side spark plugs were investigated with the help of the 

pressure sensors near to these spark plugs, which can potentially 

assist in locating the autoignition sites. 

 

            

(a) SP (1)                                                       (b) SP  (1+3) 
 

            

(c) SP (1+2+3)                               (d) SP (1+2+3+4) 
 

Figure 2. Schematic of multiple ignition sites approaches 

 

3. Results and discussion  

Note: A single cycle with maximum knock intensity was chosen to 

analyze the results given below, and the top sensor is used to analyze 

the results shown below. 

3.1 Pressure and heat release rate evaluation  

In order to differentiate normal combustion from knocking 

combustion, pressure trace and high band pass filtration analysis with 

a frequency range of 4 to 25 kHz were performed [18]. In addition, 

the maximum amplitude of pressure oscillation (MAPO) was used to 

quantify the knock intensity [5, 7]. Figure 3 shows the in-cylinder 

pressure and filtered pressure oscillation curves associated with firing 

SP (1) at two different spark timings. Figure 3 (a) illustrates the 

smooth pressure trace along with a low amplitude of MAPO (< 0.05 

bar) results obtained at ST = -13 CAD aTDC which represents 

normal combustion. However, Figure 3 (b) shows the response 

obtained by triggering the same spark plug at ST = -17 CAD aTDC 

which has instigated knocking combustion with a higher MAPO (> 2 

bar). In both of these cases the data was recorded by the top sensor 

due to its higher sensitivity.  

 

 



 

 

 

(a) ST = -13 CAD aTDC 

 

 

(b) ST = -17 CAD aTDC 

Fig. 3. The original pressure trace and filtered pressure of SP (1) with 

different spark timings (measured by the top sensor) 

 

Furthermore, Figure 4 compares the pressure and HRR graphs 

acquired using various spark approaches at the same ST = -13 CAD 

aTDC, with the response was recorded by the top sensor. It can be 

easily seen from the graphs that igniting SP (1) produces a normal 

combustion with longer combustion duration, while adding more 

spark plugs such as SP (1+3) shortens the combustion duration due to 

the higher HRR, along with producing higher pressure and 

temperature inside the chamber which then provoked knock. 

Additionally, SP (1+2+3) and SP (1+2+3+4) have stimulated a still 

higher pressure rise and HRR, because adding more spark plugs 

generates more flames from different kernels that increase the 

temperature inside the chamber which then autoignite the charge 

easily and produce stronger knock.  

 

  Figure 4. Pressure and HRR traces for various spark plug approaches at ST 

= -13 CAD (measured by the top sensor) 

3.2 Combustion characteristics for various spark 

approaches 

The combustion phasing parameter CA50 represents the crank angle 

position at which 50% of the heat of combustion has been released. 

Figure 5 depicts the CA50 variation for various spark strategies at the 

fix ST = -13 CAD aTDC. It can be observed that firing single spark 

plug SP (1) gives a CA50 of around 21.5 CAD while SP (1+3) 

produces an earlier CA50 of 11.5 CAD due to the initiation of two 

flames that burn the charge more quickly. Furthermore, increasing the 

number of spark initiation sites such as SP (1+2+3) and SP (1+2+3+4) 

reduce the CA50 to 10.5 CAD and 8.75 CAD respectively due to faster 

flame propagation inside the chamber.  

 

 

  Figure 5. CA50 variation for various spark plug approaches at ST = -13 

CAD aTDC 

This study also describes the significance of multiple ignition sites on 

power output from the engine. Figure 6 illustrates the average of net 

indicated mean effective pressure (IMEP) for 100 continuous cycles at 
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knock-limited spark advance (KLSA), by firing various spark plug 

numbers. For SP (1), the ST was chosen at -10 CAD aTDC to avoid 

the instability in combustion, and the normal combustion turned to 

knocking as we crossed the earlier ST -15 CAD aTDC. However, 

adding more spark plugs and earlier ST have increased the IMEP 

values significantly due to higher pressure generation inside the 

chamber. The ST range of 0 to -5 CAD aTDC have shown the normal 

combustion for SP (1+3, 1+2+3, and 1+2+3+4), but moving earlier ST 

has given knocking response.  

Figure 6. IMEP variation with respect to KLSA for various spark plug 

approaches 

Furthermore, the data can be used to determine the effects of multiple 

spark plugs on ignition delay (ID) time, being defined as the time 

(expressed in crank angle degrees, or CAD) between ignition and the 

beginning of combustion, itself considered to be 10% mass fraction 

burned. Figure 7 shows the largest ID of 22.5 CAD value was obtained 

by firing SP (1) due to its slower burning rate, while SP (1+3) produced 

a lower ID of 15.75 CAD. However, SP (1+2+3+4) has generated the 

least ID of 14 CAD after SP (1+2+3) because of its faster global flame 

propagation generated by the multiple spark kernels inside the 

combustion chamber.   

 

Figure 7. Ignition delay variation for various spark plug approaches at ST = -

13 CAD aTDC 

3.3 Multiple ignition site effects on knock intensity 

Since this study focused on knock events which are instigated by 

various spark ignition mechanism, and to analyze the knock intensity 

for individual cases, knock is quantified by MAPO that can be 

determined based on filtered pressure data as shown in equation 1 as 

[6, 7].  

                                MAPO = max | Pbf |            (1)                                     

Where, Pbf  is the high band pass filtered pressure data obtained in a 

frequency range of 4 - 25 kHz [6, 7]. Cycle-to-cycle analysis was 

performed for each spark case, and 100 continuous firing cycles (out 

of 132 cycles) were chosen and recorded by the top sensor at the 

same ST = -13 CAD aTDC. Figure 8 shows that for the single plug 

condition SP (1) the MAPO values are close to zero level due to there 

being no knock events for this engine operating condition. However, 

firing SP (1+3) produces knock due to the higher temperature inside 

the chamber. For early cycles the MAPO values were less than 1 bar, 

but this increased for the later cycles with the maximum MAPO of 

around 2.8 bar reported for the cycle number of 88. In contrast, SP 

(1+2+3) and SP (1+2+3+4) gave a heavy knock response and 

encountered higher MAPO values. It is clear from the graph that SP 

(1+2+3+4) produces lower MAPO values than SP (1+2+3) because 

four spark kernel burned the unburned charge more quickly with less 

time available for autoignition to grow.  

 

Figure 8. MAPO distributions in different cycles for the different spark 

strategies at ST = -13 CAD aTDC 

 

Additionally, knock intensity strongly depends on spark timing, and 

the data presented in Figure 9 illustrates the MAPO response with 

respect to ST for distinct spark numbers. The graph shows that earlier 

ST stimulated higher MAPO values for each spark case. The delayed 

ST (-7 to 0 CAD aTDC) has given unstable combustion for single SP 

(1), the reason for this being that it was plotted for -10 CAD aTDC. 

For the other ignition cases the ST window was kept between -13 to 0 

CAD aTDC to protect the engine from heavy knock. Moreover, for all 

the spark timings, the MAPO first increases by activating additional 

spark plugs, but then drops when activating the fourth spark plug.   
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Figure 9. Effect of ST on MAPO variation for different spark plug strategies 

 

3.4 Air-fuel equivalence ratio (λ) effects on 

combustion characteristics  

This study also describes the importance of different air-fuel 

equivalence ratios (λ = 0.7, 0.9, 1.0, 1.3) on combustion 

characteristics by firing four spark plugs SP (1+2+3+4) together. 

Figure 10 shows the variations in the HRR for each λ cases, the 

maximum HRR being observed for λ = 0.9 because faster flame 

propagation inside the chamber increases the temperature of the 

unburned charge. However, λ = 0.7 gave a lower HRR compare to λ: 

0.9 and 1.0, because more fuel present in the charge give a higher 

cooling effect and thus reduces the temperature and HRR. 

Furthermore, λ: 1.3 has displayed normal combustion with the lowest 

HRR due to lean mixture condition that also reduces the temperature 

inside the cylinder.  

 

Fig. 10. HRR variation for various λ by firing SP (1+2+3+4) at ST = -10 CAD 

aTDC for different relative air-fuel ratios. 

 

 Figure 11 shows the CA50 variation with respect to ST for each of 

the λ cases, it being found that CA50 reduces with early ST due to 

the faster burning rate. It can be also observed from the figure that λ 

= 0.9 gave lower CA50 values for all ST conditions, because it 

initiated a faster flame speed followed by λ = 1.0 and λ = 0.7 [20]. 

However, λ = 1.3 was a lean condition and for that the combustion 

was weaker for delayed ST (-5 to 0 CAD aTDC), but the early ST 

made the combustion more stable and led to higher CA50 values due 

to lower pressure and temperature inside the chamber.  

 

 

Figure 11. Effect of ST on CA50 variation by firing SP (1+2+3+4) for 

different relative air-fuel ratios 

 

Figure 12 shows the λ response on combustion duration (CD, defined 

as CA90 – CA10) with respect to ST by triggering four spark plugs 

SP (1+2+3+4). The trend is similar for all the λ cases, and the CD 

decreases with early ST due to the faster burning rate. Comparing the 

rich mixture cases, λ = 0.9 and 0.7, λ = 0.9 gave an advanced CD, 

because it produces a faster flame speed while for λ = 0.7 the fuel 

amount was higher which cools the charge and increases the CD [20]. 

However, moving from λ  1.0 to the  =1.3 lean condition, the 

mixture has more air than required and that leads to lower pressure 

and temperature inside the cylinder and also low flame speed, which 

as a consequence produces higher CD throughout the combustion 

process for each ST variation.  
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Figure 12. Effect of ST on combustion duration variation by firing SP 

(1+2+3+4)   

Additionally, SP (1+2+3+4) was chosen to investigate the effect of 

relative air-fuel ratio on knock propensity. Figure 13 illustrates the 

cycle-to-cycle analysis of MAPO for four distinct λ cases at same the 

ST = -10 CAD aTDC. The results show that λ = 0.9 gives the maximum 

MAPO values among all of the cases, , because it produces the faster 

flame speed which also increased the temperature of unburned charge 

inside the chamber and instigate the autoignition [20]. This is followed 

by λ = 1.0 and 0.7, but λ = 1.3 gives normal combustion with a near-

zero level of pressure oscillation at this particular condition due to the 

low temperature and pressure inside the cylinder.  

 

Figure 13. Cycle to cycle variation of MAPO by firing SP (1+2+3+4) for 

different relative air-fuel ratios at ST = -10 CAD aTDC 

Additionally, Figure 14 depicts the significance of ST on MAPO for 

the different λ cases. It is clear from the graphs that the earlier ST 

increases the MAPO values for each value of λ, and to protect the 

engine from the  heavy knock, the window of ST was kept between -

10 to 0 CAD aTDC for the λ = 0.9 case. We can clearly observe from 

the Fig 14 that for λ: 0.9, the knock has been recorded at ST = -5 CAD 

aTDC. However, for λ: 1, 0.7 and 1.3 the normal combustion turned to 

knocking combustion as we triggered the plugs at ST: (-7, -10 and -17 

CAD aTDC).  The highest MAPO was obtained for λ = 0.9 due to the 

higher pressure and temperature generated by faster flame speed inside 

the cylinder. Conversely, λ = 1.3 gave the lowest knock intensity 

among all of the fueling cases due to its generation of lower pressure 

and temperature.  

 

Figure 14. Effect of ST on MAPO variation by firing SP (1+2+3+4) for 

different relative air-fuel ratios 

3.5 Knock onset determination for various λ cases 

The determination of crank angle timing of autoignition is an essential 

part of knock study. The crank angle timing of autoignition of the 

unburned charge is described as the first local maxima  point of the 

second derivative of HRR with respect to CAD (d2HRR/d2θ) [31, 32]. 

Figure 15 presents the autoignition location for three λ conditions (0.7, 

0.9, and 1.0) when firing SP (1+2+3+4) at ST = -10 CAD aTDC 

(excluding λ = 1.3, because it gave normal combustion at this particular 

condition), with the data being recorded by the top sensor for each 

case. For λ = 0.7, the autoignition was initiated at 18.5 CAD aTDC, 

and the result is shown in Figure 14 (a). However, the earliest location 

of 14.6 CAD aTDC was monitored for the λ = 0.9 case followed by λ 

= 1.0 at 15.8 CAD aTDC, due to the stronger knock generation as 

illustrated in Figure 13 and 14.   
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(a) λ = 0.7 

 

(b)  λ = 0.9 

 

(c) λ = 1.0 

Figure 15. Autoignition timing for various λ, by firing SP (1+2+3+4) at ST = -

10 CAD aTDC for different relative air-fuel ratios 

 

3.6 Location of MAPO peak for various λ cases 

Figure 16 shows the pressure oscillation data produced by firing SP 

(1+2+3+4) at ST = -10 CAD aTDC for different λ cases. The dashed 

vertical line in all the graphs locate the position of MAPO peaks in 

terms of CAD. It can be observed from the figure that higher knock 

intensity can advance the MAPO peak, and as a consequence, λ = 0.9 

has given a maximum MAPO of 4.4 bar with a peak location of 15.3 

CAD aTDC, due to higher pressure and temperature inside the 

chamber, followed by λ = 1.0 and 0.7 with MAPO peaks of 16.5 and 

20.8 CAD aTDC respectively.  

 

Figure 16. MAPO peak location for various λ, by firing SP (1+2+3+4) at ST = 

-10 CAD aTDC for different relative air-fuel ratios 

All the figures were plotted based on the data recorded by the top 

sensor installed on the top of the cylinder head. However, the current 

study also used the multiple pressure sensors installed at various 

locations to monitor the knock characteristics. To identify the crank 

angle timing of the MAPO peak recorded by all of the six pressure 

sensors for each of the λ cases , the SP (1+2+3+4) was fired at ST = -

10 CAD aTDC, and the results are shown in Figure 17. It can be clearly 

observed from the graphs that λ has an effect on autoignition position 

with respect to CAD, because it controls the flame speed inside the 

chamber which in turn has a strong effect on the temperature of 

unburned charge. In case of λ = 0.7, the knock was weaker, and the 

first MAPO peak was encountered by the center sensor which signifies 

the autoignition initiation was in the center of the cylinder. In addition, 

Figure 17 (b) shows the response for λ = 0.9 which has given a stronger 

knock, and the maximum MAPO of 7.5 bar was again recorded by 

center sensor at 16 CAD aTDC. Furthermore, λ = 1.0 gave moderate 

knock for the same particular condition, and the first MAPO peak was 

experienced by the side 3 sensor with highest MAPO value.  
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(a) λ = 0.7 

 

(b) λ = 0.9 

 

(c) λ = 1.0 

Figure 17. MAPO peak location recorded by six sensors for various λ by 

firing SP (1+2+3+4) at ST = -10 CAD aTDC for different relative air-fuel 

ratios 

3.7 Frequency spectrum 

When the main flame front generated by spark plug collides with the 

end gas autoignition, it generates various acoustic vibration modes 

travelling across the chamber [5, 33, 34]. The knock frequencies for 

various vibration modes, considering the cylinder bore and perimeter 

as characteristic parameters, can be evaluated using equation 2 [5, 33].  

 

           𝑓𝑚,𝑛 =
𝐶∙𝜌𝑚,𝑛

𝜋∙𝐵
,                                               (2) 

Where: 

fm,n = specific vibration frequency for mode m, n [Hz] 

C = local sound of speed [m/s] 

ρm,n = resonance mode factor 

B = cylinder bore diameter [m] 

m = circumferential mode number 

n = radial oscillation mode number 

SP (1+2+3+4) was ignited at ST = -10 CAD aTDC to obtain the 

various frequencies for the stoichiometry condition, and the results 

are displayed in Table 6. 

Table 6. Acoustic resonance modes of a cylindrical combustion chamber [35, 36] 

 

(m, n) 
(1, 0) (0, 1) (1, 1) (2, 0) (3, 0) (4, 0) 

Mode 

shape 
      

ρm,n 1.841 3.832 5.332 3.054 4.201 5.318 

ftheory 

(kHz) 
7.779 16.202 22.545 12.913 17.763 22.485 

 

The significance of this study was to use the multiple pressure sensors 

which could evaluate the higher order acoustic harmonic modes 

produced inside the cylinder at numerous locations. Fast Fourier 

transform (FFT) analysis was performed to obtain the frequencies 

generated during knocking combustion associated with the λ effects. 

Figure 18 shows the results for three λ cases by triggering SP 

(1+2+3+4) at ST = -10 CAD aTDC, and the data is presented for all 

six transducers. In the case of λ = 0.7, the power of the frequencies was 

weaker due to slight knock. However, λ = 1.0 and 0.9 have stimulated 

high power frequencies due to moderate and strong knock respectively. 

All the peripheral side sensors including the top sensor (near to side4 

sensor) displayed the (1, 0) mode with moderate amplitude and a 

frequency range of around 6 – 8 kHz, along with the high frequency 

(11 -13 kHz range) mode of (2, 0) with low amplitudes for all values 

of λ, which indicates circumferential pressure travelling across the 

chamber [2, 5]. The maximum frequency power was observed for the 

radial mode of (0, 1) with a frequency range of 15 – 17 kHz for λ = 0.9 
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and 1.0, because the flames were propagated from four sides and 

consequently the most likely location for autoignition was in the 

middle of the chamber. Apart from this, λ = 0.9 has also shown the (1, 

1) mixed mode of circumferential and radial vibration, which means 

violent knock produces various high order frequencies mode including 

mixed modes [37]. 

 

(a) Top sensor 

 

(b) Center sensor 

 

(c) Side1 sensor 

 

 

(d) Side2 sensor 

 

(e) Side3 sensor 
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(f) Side4 sensor 

Figure 18. FFT analysis for various sensor locations and different λ by 

sparking four plugs SP (1+2+3+4) at ST = -10 CAD aTDC for different 

relative air-fuel ratios 

 

4. Conclusions 

This research has described the effects of multiple ignition sites on 

knock formation by firing distinct spark approaches along with the 

effect of rich-to-lean λ conditions. To facilitate the experiments, a 

specially-designed metal liner with four spark plugs around its 

circumference was used to instigate reproducible knock events. 

Various end-gas zones were generated to investigate knock 

characteristics with auto-ignition occurring at different sites in the 

cylinder. Additionally, six pressure sensors were used to determine 

the pressure oscillation produced during combustion. In summary, the 

knocking combustion research discussed in this paper has revealed 

the following:   

[1] For the same operating conditions, the single spark plug SP (1) 

operating strategy has given a lower pressure and HRR. Adding more 

spark plugs could increase the pressure and HRR significantly due to 

faster flame propagation.  

[2] In comparison with single plug operation, the multiple ignition 

sites could burn the charge faster with earlier CA50 and lower 

ignition delay; the lowest values of combustion phasing and ignition 

delay were obtained by firing four spark plugs together (SP 

(1+2+3+4)).  

[3] It was also observed that increasing the number of spark plug 

could also increase the net IMEP produced for a given spark advance 

because of the increase in pressure inside the cylinder.  

[4] For a given spark advance, the knock intensity of single spark 

ignition operation is normally weak, while increasing the active plug 

number from one to three could remarkably increase the MAPO and 

knock cycle numbers. However, four spark ignition SP (1+2+3+4) 

mitigates the steep pressure spikes caused by knock, and reduces the 

MAPO to a lower level than triple spark ignition SP (1+2+3).  

[5] The effects of various relative air-fuel ratios (λ = 0.7, 0.9, 1.0, 

1.3) on knock by triggering SP (1+2+3+4) at the same operating 

conditions have also been discussed,  and it was found that the 

maximum HRR was encountered for λ = 0.9 due to faster flame 

speed followed by λ = 1.0 and 0.7. However, λ = 1.3 produced the 

lowest HRR, because more air present in the charge could decrease 

the temperature inside the chamber.  

[6] Firing SP (1+2+3+4) at the same ST = - 10 CAD aTDC has 

generated the maximum knock intensity for the λ = 0.9 fueling case 

due to higher HRR, while λ = 1.0 and 0.7 have instigated moderate to 

slight knock occurrence. However,  = 1.3 has shown normal 

combustion for this particular condition. Apart from this, moving to 

earlier ST could also increase the MAPO value for each of the λ 

cases.  

[7] The multiple pressure sensors could precisely monitor the 

pressure oscillation induced during knock, and the amplitude of the 

MAPO and its location with respect to crank angle (CAD) measured 

from six sensors for each λ conditions has also been investigated. It 

has been determined that stronger knock events stimulated for the λ = 

0.9 case could advance the MAPO timing.  

[8] The pressure oscillation recorded by the six pressure sensors was 

further used to analyze the frequency spectrum for each λ condition. 

A FFT analysis illustrated that a single pressure sensor could not 

observe the numerous acoustic vibration modes generated during 

knocking combustion. However, the stronger knock instigated for λ = 

0.9 exhibited the higher frequency modes including circumferential 

and radial harmonic modes.   
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Definitions/Abbreviations 

aTDC After top dead center 

BDC Bottom dead center 

CAD Crank angle degree  

CD Combustion duration 

CI Compression ignition 

COV Coefficient of variation 

ECU Electronic control unit 

FFT Fast Fourier transform 

HC Hydrocarbon 

HRR Heat release rate 

IMEP Indicated mean effective 

pressure 

MAPO Maximum amplitude of 

pressure oscillation 

MON Motor octane number 

Pf Filtered pressure 

PFI Port fuel injection 

RON Research octane number 

SI Spark ignition 

SOI Start of injection 

ST Spark timing 

UHC Unburned hydrocarbon 



 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


