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Abstract 

Controlled knock combustion is the focus of academic and industrial research for modern spark-ignition engines to 
achieve higher thermal efficiency and better performance. To understand the knock formation mechanism, a refitted 
compression-ignition engine equipping with a port fuel injection system was operated under spark-ignition conditions. 
A customized liner with four side spark plugs was used to trigger controllable knock, through various spark strategies 
(e.g., spark number, timing, and location). Four side pressure sensors and a top sensor mounted on the cylinder head 
were used to record the knock pressure oscillation. Fast Fourier transform and wavelet analysis were performed to 
evaluate the frequency of pressure oscillations. The results showed that activating more spark plugs could promote 
knock propensity and intensity along with earlier CA50, but the knock was effectively suppressed when symmetrically 
activating four spark plugs simultaneously, indicating the fast flame propagation could suppress the knock occurrence. 
When triggering 2 or 3 spark plugs simultaneously, the in-cylinder pressure oscillations display very concentrated 
directionality among all the knocking cycles, indicating the distributing tendency of hot spots in these cases. With the 
activated spark plug number ranging from 1 to 3, the acoustic resonance focused on (1, 0) mode, while the four 
activated spark ignition led to higher (0, 1) mode, indicating the auto-ignition initiated close to the chamber center. 
Compared with the side sensors, the top sensor could recognize more resonance modes. Similar time ranges of 
frequency bands with fixed CA50 were noted for all spark plug numbers. Higher frequency signal decayed faster than 
lower during the knocking vibrations. As expected, we find that auto-ignition starts earlier when advancing the spark 
timing. Thereby more energy is released by knock, which explains the knock amplitude growth with earlier spark 
timing. 
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Introduction  

Nowadays, the dominant goals of spark ignition (SI) engine research have become how to improve 
engine efficiency further and thus reduce fuel consumption and exhaust emissions. Nevertheless, the 
applications of some promising technologies, e, g, downsizing, downspeeding, and high compression 
ratio, are continuously restricted by engine knock [1-4]. Consequently, it is imperative to have a better 
understanding of the knock mechanism as well as its stimulating factors.  

Engine knock is initiated by the auto-ignition of air/fuel mixture ahead of the flame front, and the 
accompanying heat release is fast and violent, which generates steep pressure gradients across the 
combustion chamber and leads to risks of damage. For example, knock intensifies the engine vibration 
and noise, and heavy knock may directly lead to engine failure by physical damage and overheating [5, 
6]. Previously, some researches were carried out to study the knock mechanism [7-10] and its 
influential factors [11-13]. However, due to the engine cycle-to-cycle variations and some other 
unobservable effects, such as the mass of unburned mixture mass and temperature gradient of hot spot 
[14-17], hence the knock phenomenon is randomly observed through engine cycles, and the end-gas 
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regions and knock evolution processes regarding different conditions are not clear. Thereby, it is time 
and energy-consuming to obtain the statistical data of knock behavior. Michal Pasternak et al. [18] 
applied 0D/3D simulations to estimate the spark plug number effects on knock occurrence, and the 
results indicated that the multiple spark ignition is more accessible to engine knock compared with 
single spark ignition, and ignition timing retardation was needed for multiple spark ignition to achieve 
the similar knock limit. Jaasim et al. [19] investigated the influences of hotspot location and timing on 
super knock propensity, but their researches were restricted to a single hotspot rather than multiple 
spark ignition. Chen et al. [20] studied the effect of synchronous double spark ignition on engine 
performance and declared that dual spark is more prone to knock because of the two ignited flames. In 
contrast, the knock intensity could significantly decrease if the spark location was close to where auto-
ignition occurs. These findings accorded with the study of Zhou et al. [21], who carried out a 
numerical analysis on engine knock and concluded that multipoint ignition combustion was more 
accessible to heavy knock, because of its rapid energy release. Additionally, the authors’ previous 
work [22] showed that multiple spark ignition could promote the knock tendency and intensity, while 
even more spark sites could suppress the knock occurrence. However, the knock evolution process 
triggered by ignition is not clear, and the knocking characteristics (e.g., vibration mode) regarding 
different multiple spark methods are still unknown.  

During knocking combustion, the rapid heat release in the end-gas zone induces propagating pressure 
waves, interacting with the flame front and leading to pressure oscillations in the cylinder [23, 24]. To 
study the knock evolution processes, some researchers studied the pressure wave propagation, 
interaction, and reflection phenomenon during knock cycles [25, 26]. Xu et al. [27] proposed three 
auto-ignition modes to produce different pressure oscillation modes among conventional knock, HCCI 
knock, and super knock in their numerical study. Besides, Hiroshi Terashima et al. [28] reported that 
wall reflections of pressure waves promoted the auto-ignition and knock intensity. Wei et al. [29] 
found that the pressure wave propagation and reflection triggered the deflagration to detonation 
transition, which conversely enhanced the high-pressure oscillation. Liu et al. [30, 31] conducted 
numerical simulation and experiment on engine knock and investigated the interactions between flame 
and pressure wave. Syrimis and Assanis [32] studied the spatial and temporal characteristics of 
pressure wave propagation with one spark plug and two probes mounted at different positions. 
Kawahara et al. [33] observed the PREMIER combustion accompanied by pressure oscillations, but 
their directions and strength were not described in detail. Shen et al. [34] estimated the pressure 
resonant frequency based on the proposed knock intensity metric, which exhibited a high signal-to-
noise ratio. Guardiola et al. [35] investigated the in-cylinder pressure resonance excitation in various 
combustion modes and used a numerical model to study the resonance evolution. Luong et al. [36] 
declared that the temperature inhomogeneities in cylinder affected the knock intensity, and decreasing 
the temperature length scale effectively mitigated the super-knock development. Also, Pan et al. [37] 
conducted knock experiments in a highly durable optical rapid compression machine, which 
visualized the processes of auto-ignition initiation and reaction wave evolutions, accompanied by 
synchronous pressure and temperature trajectories. However, few of these results were directly from 
the experiments implemented on normal engines, and some of them revealed that the pressure signal 
was most accurate when recorded at a pressure node of the resonant pattern, but the precision was 
constrained by the limited probe number and different characteristics of other resonance modes. In 
order to monitor the in-cylinder pressure fluctuations, Vressner et al. [38] used 8 pressure sensors (6 
on the liner, 1 at the center, 1 at half radius) to study the relationships among pressure oscillations, 
chamber shape, and engine speed, but they mainly focused on the homogeneous charge compression 
ignition rather than SI. Furthermore, the pressure oscillation processes and vibration modes regarding 
various knock conditions have not been systematically studied before. On the whole, the gaps between 
knock triggering mechanism and its developing processes, haven’t been fully bridged, because of the 
accessibility and measurement restrictions in normal SI engine. 

Therefore, the lack of information regarding knock generating and evolving draws increasing research 
interests on this topic. In response to the issues mentioned above and to promote the understanding of 
knock events in the SI engine, this work applied a multiple spark ignition system to explore the 
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possibility of introducing controllable knock at stoichiometric conditions, as the in-cylinder pressure 
and temperature were higher than normal combustion with single spark ignition. The flame 
propagation time with side spark ignition was comparable or even longer than that of central spark 
ignition in the conventional SI engine. More importantly, through applying numerous spark numbers, 
locations, and timings, we could achieve different end-gas masses and spatial distribution. In our 
experiment, four spark plugs and four pressure sensors were installed circumferentially around the 
liner. With a 5th pressure sensor mounted on the cylinder head, five pressure signal channels could be 
simultaneously recorded to detect the in-cylinder pressure fluctuations. On the one hand, the arrival 
time of pressure waves induced by a knock to different pressure transducers was different. On the 
other hand, the pressure signals were different when the knock happens at different chamber locations. 
Thereby, these multiple pressure signals could be used to better understand the auto-ignition site and 
the knock evolution process. With the experimental setup, the following questions were investigated 
in this study. 

For different spark strategies, would they cause different auto-ignition positions and pressure 
vibrations? How will the knock frequency change over time and in different locations? During 
knocking cycles, would the pressure oscillations be the same when measuring at different locations? 
How much phase difference will there be? These questions will be investigated regarding different 
spark strategies used in this study.  

Experiment setup 
The test engine was based on a single-cylinder compression ignition (CI) engine (AVL-5402); an inlet 
manifold was added with a port fuel injection (PFI) part, together with a Bosch port injector (62354). 
The engine setup diagram is shown in Fig.1a, and the corresponding specifications are listed in Tab. 1. 
A metal liner, as shown in Fig.1b, was specially designed to be circumferentially mounted with four 
spark plugs and four pressure sensors. These side installed plugs and transducers were labeled from 1 
to 4 respectively to identify individual spark and measurement locations. In the experiment, the 
customized metal liner (Fig. 1a) placed between the cylinder head and engine body, providing the 
surroundings for combustion. The outer and inner diameter of the metal liner was 135 mm and 85 mm 
respectively, the liner height is 29 mm, and the flat piston diameter was 83.5 mm. The test engine 
system was controlled by the AVL PUMA open automation system. 

The engine is equipped with a piston extender and is using dry piston rings, and this will reduce the oil 
droplet-induced pre-ignition. Moreover, in future studies, it enables optical access through a 
transparent piston, but in the current paper a metal piston was used to guarantee the engine reliability 
at severe knock conditions.   

   
(a) (b) (c) 

Fig. 1. engine setup (a), specialized liner with 4 spark plugs and 4 pressure sensors (b), arrangements of pressure 
sensors, and spark plugs (c). [22] 

Figure 1c illustrates the arrangements of probes and spark plugs. The four side sensors were evenly 
embedded in the liner and monitored the pressure fluctuations from different sides through drilled 
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holes. Another pressure sensor was installed in the cylinder head near the exhaust valve, with an offset 
of 35 mm from the center. Besides, the side spark plugs were mounted with 15° offsets near the 
pressure sensors. The tips were placed horizontally above the flat piston to generate flame kernels 
inside the chamber, while avoiding the collision between the piston and spark plugs. The 
specifications of the pressure sensor and spark plugs are listed in Tabs. 2 and 3, respectively. 

Table 1. The engine specifications 
Description Specification 
Type Single-cylinder research engine 
Stroke 90 mm 
Bore 85 mm 
Swept volume 511 cc 
Piston geometry Flat 
Valve type DOHC 
Number of valves Intake (2), Exhaust (2) 

Intake valve 
Open  30° CA bTDC 
Close  45° CA aBDC 

Exhaust valve 
Open   50° bBDC 
Close   25° aTDC 

Table 2. Specifications of pressure sensors 

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 ∆p 
(short-term drift) 

≤ ± 0.3 bar ≤ ± 0.4 bar 

Table 3. Specification of spark plug 

Description Specification 
Type ER8EH, NGK 
Spanner Size 13 mm 
Outer thread 8 mm 
Thread Length 1 12.7 mm 
Thread Length 2 6.3 mm 
Spark Position 1.3 mm 
Interference suppression 5 kOhm 

1. Operating conditions 

The inlet temperature and pressure were adjusted by a pressure regulator and an air heater, and they 
were kept at 25 °C and 1 bar, respectively. Both of the coolant and oil temperatures were set at 90 °C 
through the AVL PUMA system. This work was performed with normal aspiration condition. The in-
cylinder pressure was measured by the top pressure sensor and another 4 side pressure sensors, and the 
pressure data was recorded in increments of 0.2 CAD. In addition, a wideband UEGO lambda sensor 
was used together with the electronic control unit to keep the air/fuel ratio at a stoichiometric state. 
The engine speed was maintained at 1200 rpm, and the engine conditions were monitored for 200 
continuous cycles to ensure steady-state operation before measurement every time. After that, another 
200 successive firing cycles were recorded with the AVL data acquisition system. Besides, the metal 
liner and piston were cleaned regularly to avoid pre-ignition and super-knock induced by deposit. The 
different engine operating parameters are listed in Table 4. 
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Table 4. Operating parameters 

Engine speed 1200 rpm 
Intake pressure 1 bar 
Intake temperature 25 °C 
Coolant temperature 90 °C 
Oil temperature 90 °C 
Injection pressure 6 bar 
Injection timing -330 CAD aTDC 
Injection duration 9500 µs 
Relative air/fuel ratio (λ) 1 

2. Fuel system 

The fuel injection was governed by the IAV FI2RE commander software, including the injection 
timing and injection duration. The injector current signals were monitored by the Indicom module 
(Indicom 2.4, AVL). The injection pressure was set at 6 bar, the injection timing was fixed at -330 
CAD aTDC, and the injection duration was maintained at 9500 µs. The fuel temperature was kept 
stable through AVL Fuel Temperature Control (AVL-753C, AVL), and the fuel flow rate was 
monitored by an AVL Fuel Mass Flow Meter (AVL-735S, AVL). The Haltermann CARB LEV III 
E10 gasoline was used in this study, comprised of 22.5% aromatics and 10% ethanol by volume. The 
detailed test fuel properties are listed in Table 5. In response to the slight change of residual gas 
fraction due to the various spark timings in the experiment, the air flow rate was tuned to keep the 
same lambda (λ = 1). 

Table 5. Fuel properties (Haltermann CARB LEV III E10 Certification Gasoline) 

Research octane number (RON) 91.0 
 

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 

Research methods 

1. Spark strategies 

Figure 2 illustrates the different sparking strategies applied in this study, which generated different 
end-gas zones with different sparking numbers and locations. Additionally, several spark timings were 
used for each sparking method to shift the reactions from normal combustion to knock gradually. 
Furthermore, based on the pressure signals collected from different chamber sides, the subsequent 
pressure oscillation and resonance mode analysis helped to deduce the initial auto-ignition sites. 

    
(a) Spark plug: 1 (b) Spark plug: 1+3 (c) Spark plug: 1+2+3 (d) Spark plug: 1+2+3+4 

Fig. 2. Schematic of different spark ignition strategies [22] 
2. High-pass filter and pressure oscillation quantification 
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To get rid of the background noise for pressure oscillation analysis, a high pass filter (> 4 kHz) [15] 
was applied before processing the recorded pressure data; computing the knock intensity for each 
knocking cycle to attenuate frequencies outside of the given range. The sampled pressure traces and 
filtered pressure signals with different spark timings are shown in Fig. 3a and 3b. 

  
(a) ST = -15 CAD aTDC (b) ST = -25 CAD aTDC 

Fig. 3. The original pressure trace and filtered pressure of sparking plug 1 with different spark timings (measured by 
the top sensor) [22] 

In Fig. 3b, the knocking-induced pressure oscillations continue for several crank angles and followed 
by an abrupt pressure increase. To analyze the positions, heights, and widths of the maximum local 
signal, the signal analyzer toolbox in Matlab was applied. Firstly, all the negative peaks were 
converted into positive ones, according to their absolute values. After that, a threshold of 0.05 bar was 
used to differentiate the pressure oscillations under normal combustion conditions (Fig. 3a) and knock 
conditions (Fig. 3b). Next, all the negative peaks were turned to positive ones to evaluate the 
variations of oscillation strength with time.  

In Fig. 4, the pressure oscillation peaks whose absolute value higher than the preset threshold (red line) 
were located successively, and the characteristics of signal fluctuations were valued and analyzed in 
the following sections. Here, we gave different numbers to these peaks in the range of peak -5 to peak 
5.  

  
Fig. 4. Peaks of filtered pressure signal of sparking plug 1 
and ST = -25 CAD aTDC (measured by the top sensor) 

Fig. 5. Compass plot of pressure oscillation sparking plug 
1, ST = -25 CAD aTDC, detected by the side sensors 

 

In Fig. 5, a compass plot was built to directly view the in-cylinder pressure oscillations, including the 
amplitude, direction, and variations with time. The four sectors stand for the knock vibrations 
monitored by four side probes, and the amplitudes were depicted by the dashed circles in different 
scales. Besides, to distinguish the positive and negative fluctuations, the pink sectors were applied to 
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represent the positive pressure oscillations while the dark ones to represent the negative vibration 
signals. Moreover, the maximum amplitude of pressure oscillation (MAPO) was chosen to quantify 
the knock intensities of the filtered pressure data, which was defined as [15]: 

MAPO � max	
�	 

Where the Pf was the high-pass filtered pressure in a time window (-20～40 CAD aTDC), which was 
processed according to previously described knocking frequency range [39]. 

3. Acoustic resonance mode 

The engine knock is originated from the high-frequency acoustic vibrations in the cylinder, and the 
generated acoustic resonance modes were determined by the chamber geometry and combustion 
process [5]. Besides, compared with the circumferential and radial modes, the axial vibration modes 
were negligible since the space above the piston was much smaller compared to the cylinder bore [40] 
when knock happens (near TDC). By taking the cylinder bore and perimeter as the characteristic 
lengths for the radial and circumferential modes respectively, the knock frequencies regarding 
different vibration modes for a simple disk-shaped combustion chamber could be calculated by [41]: 

�,� �
�∙��,�

�∙�
                 (1) 

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 
According to Eq. (1), the theoretical frequencies related to various acoustic resonance modes were 
listed in Tab. 5. The various acoustic vibration modes revealed different transmission ways of pressure 
waves, while the dominant modes possess larger magnitudes. 

Table 6. Acoustic resonance modes of cylindrical combustion chamber [2] 

(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 

f theory(kHz) 6.879 14.318 19.922 11.411 15.697 19.87 

4. Frequency analysis 

4.1 Fast Fourier Transform (FFT) 

The FFT method was applied to evaluate the dominant frequencies regarding pressure oscillations, 
ensuring accurate frequency analysis with minor computational burden [42]. Fig. 6 shows a typical 
FFT spectrum of pressure obtained with the top pressure sensor mounted on the cylinder head. The 
two peaks correspond to oscillation modes (1,0) and (2,0) with theoretical frequencies of 6.879 kHz 
and 11.411 kHz. 

4.2 Wavelet analysis 

As the FFT methods only provide the average knocking frequencies over the whole time window, 
wavelet analysis was further performed to investigate the frequency variation with time [43]. Fig. 7 
illustrates the wavelet analysis results of the same case with Fig. 6. We see the two dominating 
frequencies found in the FFT and that the frequency changes a bit with time, most likely due to change 
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in the local speed of sound as the temperature of the charge change with crank angle, dropping at 
larger CAD.  

  
Fig. 6. FFT spectrum of cylinder pressure in knocking 
cycles (Sparking plug: 1, ST = -25 CAD aTDC) 

Fig. 7. Wavelet analysis of cylinder pressure in knocking 
cycles (Sparking plug: 1, ST = -25 CAD aTDC) 

Results and discussion 
1. Pressure trace and HRR analysis 

  

  a) pressure traces and HRRs with ST= -17 CAD aTDC [22]                b) combustion phase of CA50 

Fig. 8. Combustion characteristics for different spark strategies. 

Fig. 8a shows the pressure traces and heat release rates for different spark strategies with a fixed spark 
timing of -17 CAD. The pressure rise with single spark ignition (spark plug 1) is the most moderate, 
while the pressure traces of sparking plug 1+3 and plug 1+2+3 increase significantly, the fluctuations 
are more intense along with higher peak pressures. However, the maximum in-cylinder pressure 
decreases when firing all four spark plugs, and the pressure trace becomes smoother. Overall, the 
combustion phasing is more advanced when introducing more spark plugs except for igniting 4 spark 
plugs. Compared with other HRRs, the HRR of triggering plug 1 is milder along with a longer 
duration. The HRRs of sparking plug 1+3 and plug 1+2+3 arise rapidly after knock occurrence, and 
large amounts of heat are released during the knocking process. Compared with triggering plug 1+3, 
the combustion phasing is further forward and the knock onset is more advanced when activating plug 
1+2+3. However, the combustion becomes smooth and the combustion phasing is advanced 
apparently when igniting plugs 1+2+3+4 simultaneously, which denotes that an excessive number of 
ignition sites could accelerate the combustion process and suppress the knock occurrence. 

Fig. 8b demonstrates the CA50 for different spark timing. When fixing the spark plug number, the 
CA50 is effectively forwarded with the advanced spark timing. For example, the CA50 locates around 
25 CAD aTDC when activating plug 1 at -17 CAD aTDC, indicating one side spark ignition at late 
timing results to mild combustion and low HRRs, as shown in Fig. 8a. However, when advancing the 
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spark timing from -17 to -27 CAD aTDC, the CA50 moves forward to 9 CAD aTDC. Besides, 
igniting more spark plugs simultaneously leads to earlier CA50, which implies that multiple spark 
ignition accelerates the overall flame propagation. Moreover, we notice that the CA50 advancements 
decrease with adding more plugs, meaning that the flame acceleration effect is fading by introducing 
more and more plugs. This is because more activated spark plugs lead to more flame overlap in the 
cylinder. Meanwhile, the speed growth of flame propagation is also limited by the turbulence, which 
attenuates the further advance of CA50 when sparking more plugs at the same time. 

2. Spark number effect on knocking pressure oscillations 

To investigate the unitary effect of spark plug number on the knocking pressure oscillations, the CA50 
is fixed at 9 CAD aTDC, but different spark timings are employed when the spark plug number 
changes from 1 to 4 as shown in Fig. 9. As shown in Fig. 8b, when fixing the CA50 at 9 CAD aTDC, 
the employed spark timings for different spark strategies (spark number: 1 ~ 4) are -27, -20, -17 and -
15 CAD aTDC. In addition, to obtain more knocking vibration details of the most vital knock for each 
case, the cycle with maximum MAPO is selected to present the pressure oscillation variations across 
the whole-time window (lower left subplot). Fig. 3b shows that the prominent pressure oscillations 
focus around the peak of MAPO (peak 0, depicted by Fig. 4). Therefore, the time range of peaks -5 ~ 
5 (green mask) has been extracted to display the main pressure fluctuations detected by different 
sensors (lower right subplot). The compass plot indicates the oscillation amplitude changes from peak 
-5 to peak 5 (upper subplot) and the pressure wave traveling directions. Besides, the main orientation 
of wave propagation is marked by arrows and the dashed line tags the timing.  

Fig. 9a shows the knocking pressure oscillations when igniting spark plug 1 at -27 CAD aTDC. The 
peak with maximum absolute amplitude (peak 0) emerges at 11 CAD aTDC. From 10.2 to 13 CAD 
aTDC, the side probes of 1 and 2 exhibit opposite phase to the other side probes of 3 and 4, indicating 
the knock-induced pressure wave transports between the 1st quadrant and the 3rd quadrant in the 
combustion chamber. Moreover, as marked by the arrows, the acoustic vibrations led by knock focus 
in the direction between side2 and side4, while weaker fluctuations appear between side1 and side3, 
which further demonstrates the acoustic resonance may follow the (1, 0) mode shown in Table 6. 

When triggering two plugs 1+3 at the same time of -20 CAD aTDC as shown in Fig. 9b, the maximum 
absolute value of pressure oscillation peaks is kept at a similar level with the single spark ignition, as 
shown in Fig. 9a and 9b. Besides, the spike with the largest absolute value emerges at 12 CAD aTDC, 
which is given by the side1 sensor. Besides, from peak -5 to peak 5 (green marked time window in Fig. 
9b), the side1 sensor always presents the exact contrary vibration phase with other sensors, following 
the same trend with the compass subplots. Moreover, side2 and side4 sensors always display the same 
oscillation phases as shown in compass subplots. These facts denote the pressure wave mainly moves 
between side1 and side3, indicating the (1, 0) mode. 
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a) sparking plug 1, ST= -27 CAD aTDC, CA50: 9 CAD aTDC 

 
b) sparking plug 1+3, ST= -20 CAD aTDC, CA50: 9 CAD aTDC 

 
c) sparking plug 1+2+3, ST= -17 CAD aTDC,  CA50: 9 CAD aTDC 
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d) sparking plug 1+2+3+4, ST= -15 CAD aTDC, CA50: 9 CAD aTDC 

Fig. 9. In-cylinder pressure oscillations with fixed CA50 but different spark plug numbers 

For the triple spark ignitions (igniting spark plug 1+2+3, ST= -17 CAD aTDC), Fig. 9c displays that 
the largest spike locates at 15 CAD aTDC, with a similar absolute value (2.1 bar) for single and 
double spark ignitions. In addition, the pressure oscillations mainly exist between side1 and side3, 
which implies the (1, 0) mode also dominates the acoustic resonance in knocking vibrations. 
Furthermore, with increasing the activated plug number from 1 to 3, the pressure oscillations between 
side2 and side4 become weaker, demonstrating igniting more spark plugs can suppress the non-
principal pressure oscillations in other directions during knock. 

When triggering all four side spark plugs at the same time (sparking plug 1+2+3+4, ST= -15 CAD 
aTDC), the amplitudes of peaks -5 ~ 5 are much lower than those brought by other spark strategies, 
which denotes that igniting many plugs symmetrically can suppress the knocking oscillations, and this 
can be validated by the pressure traces shown in Fig. 8. Additionally, at some peaks (e.g. peaks -4 ~ 2 
in Fig. 9d) all the side sensors display the same signs but different phases, indicating auto-ignition 
starts close to the chamber center, and the resonance mode (0, 1) is dominant in this case.  

3. Knock vibration statistics with various spark plug numbers 

a) sparking plug 1, ST= -27 CAD aTDC, CA50: 9 CAD 
aTDC 

b) sparking plug 1+3, ST= -20 CAD aTDC, CA50: 9 
CAD aTDC 
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c) sparking plug 1+2+3, ST= -17 CAD aTDC,  CA50: 9 
CAD aTDC 

d) sparking plug 1+2+3+4, ST= -15 CAD aTDC, CA50: 9 
CAD aTDC 

Fig. 10. Pressure oscillation statistics with fixed CA50 but different spark plug numbers 

Regarding the different cases shown in Fig. 9, Fig. 10 illustrates the distributions of pressure 
fluctuating properties, including the directions and amplitudes, to investigate the common features 
across all the knocking cycles. Similar to the angular change in normal polar coordinates, the direction 
of side2 was taken as 0°, and the pressure vibration directions increase in a counterclockwise way, 
from 0° (side2) to 180° (side4). Besides, the vibration amplitudes were divided into 5 groups based on 
their absolute values (20% percentage in scope for each range) and marked with different colors and 
symbols.  

Fig. 10a provides the summary statistics for pressure oscillations when triggering plug 1 individually 
at -27 CAD aTDC. It is quite revealing that these knocking cycles can be divided into separate groups 
based on the vibrating directions (0°, 45°, 90°, 135°, 180°). In comparison, the knocking oscillations 
mostly happen along the paths of side1 – side3 (90°) and side2 – side4 (0°, 180°), indicating the hot 
spots are concentrated on some specific areas in the cylinder. Moreover, the groups with high 
amplitudes (above 1 bar) mainly appear in the direction of 0° and 180°, implying that strong knocking 
oscillations tend to happen between side2 and side4, consistent with Fig. 9a. 

Fig. 10b and Fig. 10c present the main characteristics of pressure oscillations when activating two and 
three spark plugs while keeping the same CA50 (9 CAD aTDC). Nearly all the knocking cycles focus 
in the direction of 90°, which signifies the hot spots are more concentrated in these two cases, and the 
pressure oscillation is very likely to happen between side1 and side3. Furthermore, respecting the 
double spark ignition strategy (Fig. 10b), the proportions of high amplitude groups (above 1 bar) are 
much higher than those of single (Fig. 10a) and triple (Fig. 10c) spark ignitions, which suggests that 
triggering two spark plugs simultaneously could promote the knock intensity compared with one and 
three spark plugs.  

As shown in Fig. 10d, although the direction of 0° counts the most among all the knocking cycles with 
all four spark plugs activated, the overall orientations are most distributed out of all the cases 
exhibited in Fig. 9. Additionally, the fluctuating amplitudes are significantly lower than those of other 
knocking cases. To be specific, the highest vibration magnitude is well below 0.5 bar, indicating 
triggering all four plugs together could effectively suppress the knock occurrence, in accord with the 
results of Figs. 8-9. 

4. Spark number effect on knocking frequencies in space domain 
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a) sparking plug 1, ST= -27 CAD aTDC b) sparking plug 1+3, ST= -20 CAD aTDC 

  
c) sparking plug 1+2+3, ST= -17 CAD aTDC d) sparking plug 1+2+3+4, ST= -15 CAD aTDC 

Fig.11.Knocking frequencies in space domain with fixed CA50 but different spark plug numbers. 

Fig. 11 shows the variations of knocking oscillation frequencies from different chamber sides with the 
FFT method. Overall, the top sensor exhibits higher frequency magnitudes than the side sensors, since 
it has relatively high measurement sensitivity. Noted, side sensors mainly reveal one dominant 
resonance mode of (1, 0), with its frequencies locate between 6 and 8 kHz. This is because the side 
sensors can only distinguish the pressure wave that hit them directly, leading to the (1, 0) harmonic 
mode. However, the top sensor can detect the knock-induced pressure waves (including the primary 
and secondary ones) transmit in different directions. Therefore, more frequency bands, namely more 
acoustic resonance modes, are observed from the top sensor. 

Fig. 11a shows the single spark plug 1 igniting (sparking plug 1, CA50: 9 CAD aTDC). The side 
sensors display the primary frequency band of 6-8 kHz with similar magnitudes, indicating the (1, 0) 
harmonic mode. The top sensor also reveals the frequency band between 10 and 12 kHz, which 
suggests another acoustic harmonic form of (2, 0). Together with the compass subplots shown in Fig. 
9a, we deduce that the knock-induced pressure wave mainly transports between the 1st quadrant and 
the 3rd quadrant.  

Fig. 11b shows the knock fluctuation frequencies for double spark plugs 1+3 with CA50 at 9 CAD 
aTDC. The stronger mode of (1, 0) with the frequency band between 6-8 kHz is noted. In particular, 
the side1 and side3 sensors receive more obvious signals from (1, 0) band than another two side 
sensors, which further indicates the in-cylinder pressure oscillations mainly exist between the side1 
and side3 sensors. This is quite in accord with the subplots in Fig. 9b. The top sensor also detects the 
pressure vibrations in other frequency bands, e.g., 11-12 kHz and 15-16 kHz, representing the 
harmonic modes (2, 0) and (3, 0) respectively. This implies that there exist pressure vibrations in other 
directions. 
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Fig. 11c shows the knock fluctuation frequencies for triple spark ignition (sparking plug 1+2+3, CA50: 
9 CAD aTDC). The side1 and side3 sensors display evident pressure oscillations in the frequency 
between 6-8 kHz, the magnitudes are higher than those from other probes, including the top sensor. 
This denotes that the in-cylinder pressure oscillation is mainly along the path between side1 and side3 
sensors (i.e. (1, 0) mode), while its power in other directions is relatively weak. This trend coincides 
with the compass subplot indicated in Fig. 9c, where the “needles” always point to side1 and side3 
straightforwardly.  

Regarding the quadruple spark ignition (CA50: 9 CAD aTDC). All the transducers reveal the pressure 
fluctuations in the frequency band between 6-8 kHz along with relatively lower magnitudes. This is 
because the four spark ignition strategy can suppress the pressure oscillation resulted from a knock, 
therefore reduces the power of frequency bands. Compared with the resonance mode (1, 0), the top 
sensor shows a higher amplitude for the frequency band between 14–15 kHz, representing the 
harmonic mode (0, 1). This reveals the auto-ignition starts close to the chamber center, the yielded 
pressure wave travels between the hot spot to the periphery of the circumference. 

5. Spark number effect on knocking frequencies in time domain 

  
a) sparking plug 1, ST= -27 CAD aTDC b) sparking plug 1+3, ST= -20 CAD aTDC 

  
c) sparking plug 1+2+3, ST= -17 CAD aTDC d) sparking plug 1+2+3+4, ST= -15 CAD aTDC 
Fig.12. Knocking frequencies were measured by the top sensor in the time domain with fixed CA50 but various spark 

strategy. 

Figure 12 demonstrates the knocking frequency variations for different spark strategies during the 
combustion process. As the top pressure sensor possesses high sensitivity than the side sensors, thus 
the wavelet analysis was performed based on the top sensor data to show more details about knock 
oscillations. Generally, in the current spark strategies, the prominent frequency bands are concentrated 
between 5 and 20 CAD aTDC, which indicates that the time ranges of knock vibration produced by 
varied spark strategies are similar to the same combustion phasing. However, the frequency 
distributions and amplitudes are different from various spark strategies. In particular, all the different 
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frequency bands' power reduces slightly during the main combustion duration, attributed to the 
attenuation of in-cylinder vibrations. 

Three main frequency bands of 6-8, 11-12, and 15-16 kHz are observed in Fig. 12a, which represent 
the resonance modes of (1, 0), (2, 0), and (3, 0) respectively. The primary mode, (1, 0), exhibits the 
highest power. The lower frequency band lasts longer, indicating the pressure vibrations with higher 
frequency decay faster than those with lower frequencies. This rule also applies to the case with two 
spark plugs as shown in Fig. 12b, where the three frequency bands, 6-8, 11-12, and 15-16 kHz, also 
dominate the whole oscillation process. But the primary mode, in this case, emerges at slightly later 
phasing, which is because the spark timing is delayed when switching from single to double spar 
ignition (from -27 to -20 CAD aTDC) to keep the same CA50 (9 CAD aTDC). When switching from 
double spark ignition to triple spark ignition (Fig.12c), the dominant frequency bands present similar 
behaviors, except that the top sensor detects stronger (2, 0) and (3, 0) modes than the (1, 0).   

For quadruple spark plugs 1+2+3+4 igniting at -15 CAD aTDC, Fig.12d. The power of different 
frequency bands is overall weak due to the weak knock vibrations. Noted, the obvious frequency 
bands between 14-15 kHz and 11-12 kHz are observed, which stand for (0, 1) and (2, 0) modes 
respectively. As mentioned in Fig.11d, the auto-ignition originates near the chamber center, and the 
resulted knocking oscillations mainly transmit from the center to outer circles and then bounce back 
from different directions after the wave/wall interactions. 

 

 

 

 

 

 

6. Spark timing effect on knocking pressure oscillations 

 
a) ST: -20 CAD aTDC 
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b)  ST: -30 CAD aTDC 

Figure 13. In-cylinder pressure oscillations of single spark plug 1 with different spark timing 

In Fig.13, apart from the spark timing of -27 CAD aTDC (Fig.11a) with single spark plug 1, another 
two spark timings of -20 and -30 CAD aTDC were added to investigate the effect of spark timing on 
knocking vibrations. 
With advancing the ST from -20 to -30 CAD aTDC, the MAPO increases obviously, the phasing of 
MAPO is significantly advanced from 24 via 11 to 8 CAD aTDC. When triggering the ST at -20 CAD 
aTDC (Fig. 13a), the pressure wave mainly travels between side1 and side3. Besides, it moves back 
and forth between the 1st and 3rd quadrants when bringing forward the spark timing to -27 CAD aTDC 
(Fig. 11). Similarly, with further advancing the ST to -30 CAD aTDC (Fig. 13b), the pressure wave 
pathway is changed, which moves between the 2nd and 4th quadrants. This indicates the auto-ignition 
site changes with shifting the spark timing. For ST= -20 CAD aTDC, the auto-ignition occurs close to 
side3, hence the resulted pressure wave travels between side1 and side3. However, with advancing the 
ST to -27 and -30 CAD aTDC, the auto-ignition happens far before the flame reaches the wall 
opposite the spark plug, therefore, the pressure waves travel in other directions. Moreover, with earlier 
auto-ignition occurrence, more energy is released during knock, leading to high fluctuation amplitude. 
This conclusion is consistent with our previous results on heat release fractions at knock onset [22]. 

7. Knock vibration statistics with various spark timings 

a) ST: -20 CAD aTDC b)  ST: -30 CAD aTDC 
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Figure 14. In-cylinder pressure oscillations of single spark plug 1 with different spark timing 

Following the knocking cases displayed in Fig. 12, Fig. 13 demonstrates the spark timing effect on 
knocking oscillations' statistical properties, such as the knock vibration amplitude and direction. As 
presented by Fig. 14a, when igniting plug 1 at -20 CAD aTDC, the knocking cycles were evenly 
distributed in various orientations (e.g. 0°, 45°, 90°, 135°, 180°), and most of the knocking cycles 
obtained low fluctuating magnitude (below 0.5 bar). Furthermore, in the same condition, the groups 
with high amplitude locate in the direction of 90°, denoting that the strongest knock-induced pressure 
oscillation is opted to initiate between side1 and side3 in this case. 

After advancing the spark timing from -20 CAD aTDC to -30 CAD aTDC, Fig. 14b depicts that the 
in-cylinder fluctuations of knocking cycles are also fairly distributed except for 45°. Besides, 
compared with the knocking cycles exhibited by Fig. 14a, the pressure oscillation strength was 
significantly increased. Moreover, the knocking vibration with the highest amplitude appeared in the 
direction of 180, manifesting the pressure wave mainly traveled between side2 and side4, which 
indicates the distribution zone of hot spots changes with varying the spark timing. 

8. Spark timing effect on knocking frequencies in space and time domains 

a)  ST: -20 CAD aTDC b) ST: -30 CAD aTDC 
Figure 15. Knocking frequencies in space domain of single spark plug 1 with different spark timing 

a)  ST: -20 CAD aTDC b) ST: -30 CAD aTDC 
Figure 16. Knocking frequencies measured by the top sensor in the time domain of single spark plug 1 with different 

spark timings 
Following the same ignition strategy as above in Fig. 13, the effect of spark timing on knocking 
frequencies in space and time domains is discussed in Figs. 15 and 16.  
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For the ST at -20 CAD aTDC, the side1 and side3 sensors provide a stronger frequency band between 
6–8 kHz than another two side sensors of 2 and 4, indicating the primary knock wave vibrates 
between the two sides sensor of 1 and 3 as shown in Fig.15a. The knock frequencies given by the top 
sensor mainly focus on the range of 6–8 kHz, reveals the primary resonance mode of (1, 0) dominate 
the whole oscillation process. When advancing the ST from -20 to -30 CAD aTDC (Fig.15b), all the 
five sensors provide the higher power knock frequencies, since the knock intensity becomes higher. 
Apart from the primary frequency band between 6–8 kHz, the top sensor demonstrates evident 
frequency bands between 11–12 and 15–16 kHz, representing the acoustic harmonic modes, (2, 0) and 
(3, 0) respectively. These facts imply that with advancing the spark timing, the oscillation amplitude 
rises, and the pressure oscillation becomes more complex as more resonance modes emerge. 

Based on the top sensor results, the time ranges of different frequency bands produced by knock 
vibrations are compared in Fig. 16. With advancing the ST from -20 to -30 CAD aTDC, the phasing 
locations of various frequency bands are advanced from 20 to 5 CAD aTDC. Despite the frequency 
bands with higher values decay faster than those with lower values, advancing the spark timing does 
not change the duration of various frequency bands too much. 

Conclusions 

1. Compared with single side spark ignition, triggering 2 and 3 spark plugs simultaneously can 
promote the knock propensity and increase the pressure vibration amplitudes. When sparking all four 
side spark plugs at the same time, knock can be effectively suppressed by the fast flame propagation. 
Activating more spark plugs could forward the CA50 efficiently, but this effect is attenuated with 
increasing spark plug number. 

2. During the pressure oscillations, the phase differences and the vibration amplitudes monitored by 
multiple pressure sensors can reveal the in-cylinder pressure wave spreading process and direction. 
Igniting more spark plugs from one to three, the knocking induced pressure waves mainly transport 
from one side to another, but in different directions. In comparison, when applying four side spark 
ignition, the auto-ignition happens close to the chamber center, the pressure wave travels between the 
central hot spot and the periphery of circumference, indicating the resonance mode (0, 1) is dominant 
in this case. 

3. The statistical results on knocking cycles highlight that increasing the spark plug number from 1 to 
2 and 3 lead to more concentrated directions of in-cylinder pressure oscillations, while the double 
spark ignition generates higher percentages of strong knock vibrations (above 1 bar) than the single 
and triple spark ignition. In comparison, triggering all four plugs at the same time leads to more 
distributed orientations of pressure oscillations while with lower amplitudes. Moreover, singularly 
advancing the spark timing could improve the fluctuation amplitudes among knocking cycles, and 
change the vibration aspects and hot spot distributions in the cylinder. 

4. Compared with the side sensors, the top sensor can recognize more resonance modes. The power of 
knocking frequencies is closely related to the oscillation amplitude. All the five sensors demonstrate 
the frequency band between 6 - 8 kHz obviously when triggering 1 via 2 to 3 spark plugs 
simultaneously, denoting the primary resonance mode (1, 0). However, for four spark ignition, this 
frequency band's power is low, the top sensor gives an evident frequency band between 14 - 15 kHz, 
representing the harmonic mode of (0, 1). 

5. According to the top sensor's wavelet analysis results, the time ranges of frequency bands for 
different spark numbers are similar with the same CA50. The frequency power increases at first then 
decreases with increasing the spark plug number from 1 to 4, following the same trend with MAPO. 
The values of different frequency bands reduce slightly with time. Moreover, the low-frequency bands 
last longer than those with high frequency. 

6. With advancing the spark timing, the MAPO rises and the MAPO location is advanced to an earlier 
phase. More importantly, the auto-ignition initiates earlier, even far before the flame reaches the end 
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wall. More energy is released by knock, which explains the knock amplitude growth with earlier spark 
timing. Moreover, this brings more resonance mode, and the pressure oscillation becomes more 
complicated. 
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