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Abstract 

Engine knock has been an inherent problem that limits engine efficiency improvement and threatens engine service life. To trigger 

the controllable knock, a specialized liner with installing four side spark plugs mounted on the cylinder head are used in this study 

to produce various in-cylinder flame propagation. Various spark strategies (e.g., spark timing, spark number, spark location) are 

applied to generate different auto-ignition sites and knock characteristics. Up to five channels of pressure signal are collected to 

analyze the knock intensities regarding different spark strategies. To investigate the knock-induced fluctuations and heat release, 

we use the multiple correlations to evaluate the maximum amplitude of pressure oscillation (MAPO) respecting different influential 

factors and building a multiple linear regression (MLR) model for MAPO prediction and validate it against the experiment results. 

Besides, the Wiebe function and curve-fitting techniques are applied to estimate the energy released by auto-ignition in each cycle, 

and its relations with knock intensity are assessed. The results show that the average growth of pre-oscillation plays an important 

role in MAPO value (correlation coefficient, r_s = 0.965), the established MLR model possesses high accuracy for MAPO 

prediction. The pressure oscillation regarding the 1st resonance mode is extracted from the band-pass filtered signal, representing 

the main pressure oscillating process. Compared with the single spark ignition, triggering more spark plugs could boost the fuel 

consumption rate, while shortening the knocking combustion duration and reducing the heat release fraction contributed by auto-

ignition. At the same CA50 (9 CAD aTDC), the four spark ignition leads to the least heat release fluctuations than other spark 

strategies. With advancing the CA50, the heat release fraction produced by knock increases at first then reduces due to the 

thermodynamic conditions and the flame propagation. Activating two or three spark plugs, the rising rate of the heat release rate 

goes up, but the knock-induced heat release fraction decreases. Moreover, the primary acoustic resonance mode (1, 0) gives more 

regular knock vibrations than the mixing form (including mode (1, 0), (0, 1), (2, 0), etc.),  the average traveling distance of acoustic 

wave in the time gap of receiving two continuous signals is very close to the cylinder bore. The results give insights into the pressure 

wave propagation during knock and the relations between knock conditions, pressure oscillations, and heat release. 
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1. Introduction 1 

Nowadays, severe environmental challenges, such as air pollution and global warming, drive the 2 

optimization and development of internal combustion engines (ICEs) toward higher efficiency, less exhaust 3 

emission, and lower fuel consumption [1-4]. However, the applications of advanced technologies (e.g., 4 

downsizing, supercharging) to improve engine efficiency always meet barriers from engine knock [5, 6]. 5 

Compared with normal combustion, the knocking combustion (Fig. 1) refers to the end gas auto-ignition 6 

before the flame front arrival [7]. The spontaneous reactions are speedy and violent, which generate steep 7 

pressure gradients and high-frequency fluctuations across the combustion chamber, and influence the 8 

engine efficiency and durability. However, due to the engine cycle-to-cycle variations and some other 9 

unobservable effects [8, 9], such as the inhomogeneous air/fuel mixing, flow field structure and hot spot 10 

temperature gradient [10-13], engine knock happens randomly in spatial and temporal domains. Therefore, 11 

it is necessary to investigate the knock characteristics and their mechanisms even though it is time and 12 

energy-consuming to obtain the statistical information of knock behavior. 13 

 
Fig. 1. Engine normal combustion and knocking combustion 

Many researchers applied multiple spark ignitions or side spark ignition to increase the temperature in end-14 

gas regions and extend the flame propagation time for knock occurrence to trigger more knock events for 15 

investigation manually. Chen et al. [14] studied the effect of synchronous double spark ignition on engine 16 

performance and declared that dual spark is more prone to produce knock. Michal Pasternak et al. [15] 17 

reported that engine knock was more accessible with multiple spark ignition than single spark ignition, and 18 

the spark timing needed to be delayed to keep the same knock intensity level. The authors’ previous study 19 

[16] showed that two or three spark ignitions could promote the knock tendency and intensity, but four 20 

symmetrically distributed spark sites could suppress the knock occurrence at a low compression ratio. 21 



Although the knock-induced vibrations can be analyzed according to the in-cylinder pressure [17-19], some 22 

researchers [20] pointed out the disparities of pressure wave transportations across the combustion chamber. 23 

Besides, some groups [21-23] studied the correlations between knock intensity and knocking oscillations 24 

by using different filters and knock evaluation algorithms. Nevertheless, for the knock-induced pressure 25 

oscillations, before the largest spike hits, the pre-oscillations (knock vibrations ahead of the peak with 26 

maximum amplitude) persist for a short duration. In this case, the relations between pre-oscillations and the 27 

maximum height, i.e., which condition will lead to the devastating level of knock vibrating magnitude, is 28 

still unclear. Furthermore, with the given pre-oscillations, how to predict the highest peak level and take 29 

interventions in time to avoid destructive knock, have not been explored systematically yet. Zhen et al.  [18] 30 

demonstrated the relation between the propagation velocity of the primary reaction front and the knock 31 

intensity, but it was not investigated quantitively. Alessandro et al. [24] utilized correlation coefficients to 32 

account for the knock probability; however, they are incapable of evaluating multiple influential factors 33 

simultaneously, and the results need to be assessed either. Likewise, using different filters on pressure data, 34 

the obtained pressure oscillations are irregular and complex to identify the vibrating rules,  which usually 35 

incorporate numerous acoustic resonance modes [25, 26] and disparate directions [27], including the 36 

secondary knock vibrations. Additionally, the uncertainty of time gaps between the successive signal 37 

receiving moments making it challenging to predict the pressure wave propagation paths. Moreover, the 38 

rapid heat release results from a part of end-gas auto-ignition contribute to the acoustic resonance across 39 

the combustion chamber. The energy produced from knocking combustion was calculated by Borg et al 40 

[28] and J Ghandhi [29] by using Wiebe function. However, the knocking heat release fractions respecting 41 

different conditions and their influences on knock vibration magnitudes are worthwhile to be investigated.  42 

With the above concerns, this study investigates the relationships between the MAPO and its influential 43 

factors. Based on the sensitivity analysis results, a multiple linear regression (MLR) model is established 44 

with the high-ranking parameters, to predict the MAPO value and validate against the experimental data. 45 

Besides, the Wiebe function is applied to estimate the heat release attributed to knocking combustion [30] 46 

and its relations with knock intensity. For the knock-induced vibrations, the primary acoustic harmonic 47 



mode is extracted from the mixed signal to give more explicit ideas on the pressure wave transportations in 48 

the cylinder.  49 

This work extends our past research on the controlled knock combustion with up to four spark plugs and 50 

five pressure sensors. In the previous study [31], we investigated the hot spot distributions, knock vibration 51 

frequencies and directions in space and time domains, regarding different spark strategies. For this study, 52 

we focus on finding the most influential factors on knock strength, building a mathematical model to predict 53 

its value, and estimate the knock heat release fractions against different conditions. The outline of this paper 54 

is arranged as follows: Section 2 illustrates the engine facilities, customized multiple spark ignition system, 55 

as well as the operating conditions and fuel properties; Section 3 describes the applied research 56 

methodologies in this work, including the different spark strategies, multiple correlations for sensitivity 57 

analysis and the MLR model on MAPO, Wiebe function for estimating the knock induced heat release, and 58 

the acoustic speed calculation for pressure wave propagation analysis; Section 4 presents the results based 59 

on the methods as mentioned above, compares the outcomes regarding different sparking strategies; Finally, 60 

the summaries are listed in Section 5. 61 

2. Experimental setup 62 

The experimental setup consists of a test engine system controlled by AVL PUMA Open Automation 63 

System, and an AVL exhaust emission measuring system. 64 

2.1 Engine system 65 

The test engine is modified based on a single-cylinder CI engine (AVL-5402, AVL), the inlet manifold is 66 

added with port fuel injection (PFI) part, together with a Bosch port injector (62354). The engine setup 67 

diagram is shown in Figure 2a, and the corresponding specifications are listed in Tab.1. A metal liner is 68 

specially designed to be circumferentially mounted with four spark plugs (ER8EH, NGK) and four pressure 69 

sensors (GH15DK, AVL). As shown in Fig. 2b, these side installed plugs and transducers are labeled 1 to 70 

4 respectively, to identify individual spark and measurement locations.  The outer diameter and inner 71 

diameter of the metal liner are 135 mm and 85 mm respectively, the liner height is 29 mm, and the flat 72 

piston diameter is 83.5 mm.  73 



Figure 2c shows the overlooked arrangements of probes and spark plugs; among them the four side sensors 74 

are evenly embedded in the liner, and monitor the pressure fluctuations from different sides through drilled 75 

holes. Another pressure sensor (GU22CK, AVL) is installed near the exhaust valve of cylinder head, with 76 

an offset of 35 mm from the center. The side spark plugs are mounted with 15° offsets near the pressure 77 

sensors, and the spark plug tips are placed horizontally above the flat piston to generate flame kernels inside 78 

chamber, while avoiding the collision between piston and spark plugs. The specifications of transducers 79 

and spark plugs are listed in Tab. 2 and Tab. 3, respectively. 80 

 

  

(a) (b) (c) 
Fig. 2. engine setup (a), specialized liner with four spark plugs and four pressure sensors (b), arrangements of 

pressure sensors, and spark plugs (c). [16] 

 81 

Table 1. The engine specifications 82 

Description Specification 

Type Single-cylinder research engine 

Stroke 90 mm 

Bore 85 mm 

Swept volume 511 cc 

Compression ratio 9 

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 

 83 

 84 

 85 



Table 2. Specifications of pressure sensors 86 

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 

 87 

Table 3. Specification of spark plug 88 

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 

2.2 Operating conditions 89 

At startup, the engine is systematically warmed up to stabilize at the operating conditions listed in Table 4. 90 

Both coolant and oil temperatures are set at 90 °C through the AVL PUMA system, which are ascertained 91 

by the embedded thermocouple. During engine operation, the inlet temperature and pressure are adjusted 92 

by a pressure regulator and an air heater, and they are kept at 25 °C and 1 bar, respectively. The in-cylinder 93 

pressure is measured by the top pressure transducer amounted on the cylinder head, simultaneously with 94 

another 4 pressure sensors on the liner. The engine speed is kept at 1200 rpm, and the measurement data is 95 

recorded in an increment of 0.2 CAD. A wideband UEGO lambda sensor is used together with the electronic 96 

control unit (ECU) to keep the air/fuel ratio at a stoichiometric state. The inlet and outlet pressures are 97 

monitored by two piezo-resistive probes on the intake and exhaust manifolds respectively.  98 

For each test case, the first 200 continuous cycles are monitored to ensure the steady-state operation before 99 

measurement. After that, another 200 successive firing cycles are recorded with the AVL data acquisition 100 

system. All the cases are implemented on the ‘clean’ engine, i.e., the metal liner and piston are cleaned 101 



regularly to avoid the pre-ignition and super-knock induced by deposit. The lubricant is replaced routinely 102 

to refrain from knock interference because of degradation. 103 

2.3 Fuel system 104 

The port-fuel injector (see Fig. 2a) has a four-hole configuration with an average diameter of 0.30 mm, 105 

located approximately 130mm upstream of the intake valve. The fuel injection is governed by the IAV 106 

FI2RE commander software, including the injection timing and injection duration. The injector current 107 

signals are monitored by the IndiCom module (IndiCom 2.4, AVL). The injection pressure is set at 6 bar, 108 

the injection timing is fixed at -330 CAD aTDC and the injection duration is maintained at 9500 μs. The 109 

fuel temperature is kept stable through AVL Fuel Temperature Control (AVL-753C, AVL), and the fuel 110 

flow rate is monitored by an AVL Fuel Mass Flow Meter (AVL-735S, AVL). The Haltermann CARB LEV 111 

III E10 gasoline is used in this study, comprised of 22.5% aromatics and 10% ethanol by volume. The 112 

detailed test fuel properties are listed in Table 5. 113 

Table 4. Operating parameters 114 

Description Specification 

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 

 115 

Table 5. Properties of the Haltermann CARB LEV III E10 Certification Gasoline 116 

Description Specification 

Research octane number (RON) 91.0 

86.6 

0.7485 

 

 

30.5 

8.2 

5.0 

1.776 

0.015 

 

 

42.4 

 

2.88 

65.78 

Motor octane number (MON) 83.4 

Specific Gravity (SG) 0.7483 

Lower heating value (MJ/kg) 41.9 

Energy density (MJ/L) 31.4 

Aromatics (% v/v) 22.5 

Olefins (% v/v) 5.7 

Ethanol (% v/v) 10.0 

H/C ratio 1.982 

O/C ratio 0.0336 

 117 



3. Research methods 118 

3.1 Sparking strategy 119 

Fig. 3 shows the different spark ignition strategies with different spark timing, spark location, and spark 120 

numbers performed in this study. The various flame propagation processes could be triggered by using 121 

different spark ignition strategies under SI mode, and then the potential auto-ignition sites can be deduced 122 

according to the multiple channels of pressure signal. 123 

  
(a) Spark plug: 1 (b) Spark plug: 1+3 

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

Fig. 3. Different spark ignition strategies during experiments. 

3.2 Quantification of knock induced pressure oscillation 124 

Based on the pressure signals monitored by the different transducers, a band-pass filter with a 4–20 kHz 125 

frequency range [32] is applied to quantify the in-cylinder pressure fluctuations. The sampled pressure 126 

traces and corresponding pressure oscillations during normal combustion and knocking combustion cycles 127 

are shown in Fig. 4. As the knock happens randomly across all the firing cycles under each condition, and 128 

some cycles are difficult to investigate because of the weak knock strength (see Fig. 4a), we apply the 129 

specific cycle with maximum knock intensity to analyze the knock characteristics for each case. 130 

 131 



  
a) Normal combustion b) knocking combustion 

Fig. 4. The pressure trace and filtered pressure of sparking plug 3 and ST = -15 CAD aTDC 

The MAPO was chosen as the knock indicator to quantify the knock intensities based on the filtered 132 

pressure data, and it is defined as [12]: 133 

MAPO = max|𝑃𝑓|𝑇𝐷𝐶−20°
𝑇𝐷𝐶+40°

                                                                 (1) 134 

Where the Pf is the filtered pressure data, which is obtained after band-pass filtering the pressure signal in 135 

a time window around TDC. Here the low cut-off frequency is set at 4 kHz to remove the low-frequency 136 

pressure variations brought by the piston compression and normal combustion, and high cut-off frequency 137 

is at 20 kHz to eliminate the high-frequency noise signals [33]. 138 

In Fig. 4b, the magnitudes of pressure vibrations in the range of 9 and 13 CAD aTDC become higher, 139 

indicating the occurrence of auto-ignition.  These fluctuations continue for several crank angles, and they 140 

are followed by an abrupt increase of pressure vibrating amplitude after 14 CAD aTDC. To quantitatively 141 

analyze the characteristics of signal fluctuations, the signal analyzer toolbox in Matlab is applied here to 142 

identify the positions, heights, and widths of the local peaks [31], as shown in Fig. 5. 143 



 
Fig. 5. Peaks of pressure oscillations (sparking plug 3 and ST = -25 CAD aTDC) 

Moreover, according to the FFT (Fast Fourier transform) spectrum analysis results [31], the vibrations of 144 

pressure signal including different frequencies, which are related to various acoustic wave fluctuation 145 

modes. However, these different modes may lead to chaos when scrutinizing the time gaps among different 146 

oscillation peaks, as shown in Fig. 5. In this case, the filtered pressure vibrating signals are split into 147 

different parts based on the resonance frequencies, which is beneficial for pressure wave propagation 148 

analysis. 149 

3.3 Prediction model of MAPO  150 

3.3.1 Sensitivity analysis 151 

Due to the complexity of building the forecasting model for MAPO, it is advisable to apply sensitivity 152 

analysis to recognize the most influential factors. Given the dependent variable and each independent 153 

variable, the multiple correlation approach is used to measure the linear correlation between the response 154 

(dependent) variable and the explanatory (independent) variables. 155 

Given variables x, y and z, we define the multiple correlation coefficient [34]: 156 

𝑅𝑧,𝑥𝑦 = √
𝑟𝑥𝑧
2 +𝑟𝑦𝑧

2 −2𝑟𝑥𝑧𝑟𝑦𝑧𝑟𝑥𝑦

1−𝑟𝑥𝑦
2                                                   (2) 157 

Where 𝑟𝑥𝑧, 𝑟𝑦𝑧, 𝑟𝑥𝑦 are the correlation coefficients between these variables. Here x and y are viewed as the 158 

independent variables and z is the dependent variable. 159 

 160 



3.3.2 Model setup 161 

As an intuitive forecasting method, the MLR technique is frequently used to deal with the relations between 162 

a response variable and a few explanatory variables through linear combinations of the latter [35]. The most 163 

general equation of MLR model is illustrated in Eq. (3) [36]: 164 

𝑦𝑖 = 𝛽0 + 𝛽1𝑥𝑖1 + 𝛽2𝑥𝑖2 +⋯+ 𝛽𝑛𝑥𝑖𝑛 + 𝜖                                (3) 165 

Where for i=n observations: 166 

𝑦𝑖 - dependent variable 167 

𝑥𝑖 - explanatory variables 168 

𝛽0 – y-intercept (constant term) 169 

𝛽𝑛 – slope coefficients for each explanatory variable 170 

𝜖 – error term (also known as the residuals) 171 

Based on the observed data sets of MAPO (dependent variable) and its influential factors (explanatory 172 

variables), the fitted MLR model can predict the MAPO values under different conditions. Before 173 

application, the built model should be validated to assess its accuracy, and the procedure is demonstrated 174 

in section 3.3.3. 175 

3.3.3 Model validation 176 

To validate the proposed model, 10% of experimental data was preserved to cross-validate the prediction 177 

errors, and the residuals provide indicators about the model accuracy. Besides, several statistics indicators, 178 

e.g., coefficient of determination [37] and p-value [38], were applied to evaluate the precision of the 179 

established model.  180 

(1) coefficient of determination (R2) 181 

The coefficient of determination is a statistical metric used to measure the degree to which the outcome 182 

variation can be explained by independent variables. Moreover, this indicator represents the predictability 183 

degree of the model [37]: 184 

𝑅2 = 1 −
∑ (𝑥𝑖−𝑦𝑖)

2𝑁
𝑖=1

∑ (𝑥𝑖−�̅�)
2𝑁

𝑖=1

                                                       (4) 185 



Where  186 

𝑥𝑖  is the i-th expected output; 187 

𝑦𝑖 is the i-th predicted output; 188 

�̅� is the average of the whole desired output;  189 

N is the number of the identification set samples. 190 

𝑅2 often varies between 0 and 1, where 0 indicates that any of the independent variables cannot predict the 191 

outcome and 1 indicates that the outcome can be predicted without error from the independent variables. 192 

Overall, the higher 𝑅2, the more efficient the developed model. 193 

(2) p-value 194 

In statistics, the p-value is the probability of obtaining results as extreme as the observed results of a 195 

statistical hypothesis test, assuming that the null hypothesis is correct. A smaller p-value means that there 196 

is more robust evidence in favor of the alternative hypothesis. There are two steps to calculate the p-value 197 

[38]: 198 

Step 1: Find out the test static Z is 199 

z =
𝑝−𝑝0

√
𝑝0(1−𝑝0)

𝑛

                                                                         (5)                           200 

Where, 201 

�̂�: Sample Proportion 202 

𝑝0: assumed population proportion in the null hypothesis 203 

N: sample size 204 

Step 2: Look at the Z-table to find the corresponding level of P from the Z value obtained.  205 

Table 6 lists the accuracy strength with different p-value ranges.  206 

Table 6. Accuracy estimation with p-value [39] 207 

p-value strength of the evidence 

< 0.05 Strong 

= 0.05 Marginal 

> 0.05 Weak 



 (3) Mean absolute percentage error (MAPE) 208 

To evaluate the regression model established in this study, we took the MAPE as the measurement of 209 

prediction accuracy, which is defined as [40]: 210 

MAPE =
1

𝑛
∑ |

𝐴𝑡−𝑃𝑡

𝐴𝑡
|𝑛

𝑡=1                                                                 (6) 211 

Where 𝐴𝑡 is the actual value and 𝑃𝑡 is the prediction value.  212 

For assessment, the model forecasting ability is excellent when MAPE < 10%, while the performance is 213 

good when MAPE < 20% [41]. 214 

3.4 Two-zone engine model and mean acoustic speed 215 

3.4.1 Frequency analysis with FFT 216 

FFT is widely used to transfer the pressure signal from time domain to frequency domain to obtain the basic 217 

components of vibrating frequencies. Fig. 6 shows a typical FFT spectrum of pressure obtained with the 218 

top pressure sensor mounted on the cylinder head. The two peaks correspond to oscillation modes (1,0) and 219 

(2,0) with theoretical frequencies of 6.879 kHz and 11.411 kHz [16].  220 

 

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

3.4.2 Acoustic resonance mode 221 

The knock frequencies regarding different vibration modes for a simple disk-shaped combustion chamber 222 

could be calculated by [42]:  223 

𝑓𝑚,𝑛 =
𝐶∙𝜌𝑚,𝑛

𝜋∙𝐵
                                                                       (7) 224 



Where: fm,n = specific vibration frequency for mode m,n [Hz] 225 

C = local sound of speed [m/s] 226 

ρm,n = resonance mode factor 227 

B = cylinder bore diameter [m] 228 

m = circumferential mode number 229 

n = radial oscillation mode number 230 

According to Eq. (1), the theoretical frequencies related to various acoustic resonance modes were listed in Tab. 231 

7. The various acoustic vibration modes revealed different transmission ways of pressure waves, while the 232 

dominant modes possess larger magnitudes. 233 

Table 7. Acoustic resonance modes of cylindrical combustion chamber [7] 234 

(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) 6.879 14.318 19.922 11.411 15.697 19.87 

3.4.3 Two-zone engine model and mean acoustic speed 235 

Considering the differences of wave traveling speeds in high-temperature and low-temperature regions, the 236 

two-zone engine model is used, which is regarded as an efficient quasi-dimensional model to assess the 237 

physical combustion process of spark-ignited engines. With this model, the combustion chamber is 238 

separated into the burned (reaction) and unburned (premixing) zones, and the Wiebe function is adopted to 239 

estimate the mass fraction of burned fuel, 𝑥𝑏. Subsequently, the average temperature in these two regions, 240 

𝑇𝑏 and 𝑇𝑢, can be calculated [43, 44]. Next, the acoustic wave speed in these two zones, 𝐶𝑏 and 𝐶𝑢, are 241 

predicted according to: 242 

𝐶𝑏 = √𝛾 ∙ 𝑅 ∙ 𝑇𝑏                                                                            (8) 243 

𝐶𝑢 = √𝛾 ∙ 𝑅 ∙ 𝑇𝑢                                                                            (9) 244 

Where: 245 

𝛾 =
𝐶𝑝

𝐶𝑣
⁄ , the specific heat ratio. 246 



𝑅 = 0.287 𝑘𝐽/𝑘𝑔 ∙ 𝐾, the gas constant for air. 247 

𝑇𝑏 and 𝑇𝑢 are the burned and unburned gas temperature in combustion chamber. 248 

According to Refs. [45, 46], the mean acoustic speed is defined as: 249 

𝐶̅ = 𝐶𝑏 ∙ √𝑥𝑏 + 𝐶𝑢 ∙ (1 − √𝑥𝑏)                                                          (10) 250 

Where: 251 

𝐶𝑏 and 𝐶𝑢 are the speed of sound in burned and unburned zones. 252 

𝑥𝑏 is the mass fraction of burned fuel. 253 

3.5 Knock heat release analysis 254 

To analyze the released heat during engine cycles, the pressure data were processed with a low-pass filter 255 

firstly, then the heat release rates were computed based on Eq. (7) [45]: 256 

𝑑𝑄

𝑑𝜃
=

1

𝛾−1
𝑉
𝑑𝑝

𝑑𝜃
+

𝛾

𝛾−1
𝑝
𝑑𝑉

𝑑𝜃
+

𝑑𝑄ℎ𝑡

𝑑𝜃
                                                 (11) 257 

Here,  258 

Q – heat released by burned fuel; 259 

Qht – heat transferred through cylinder wall; 260 

Θ – crank angle; 261 

V – chamber volume; 262 

P – in-cylinder pressure; 263 

Γ – specific heat ratio. 264 

During combustion, the heat release process is very complex, involving chemical dynamics, fluid dynamics, 265 

and heat transfer interaction. Therefore, it is hard to fit the combustion history across all the cycles without 266 

basic physics information. To characterize the statistical distribution of combustion profile, we use the 267 

Wiebe function to match the “S” shaped burn rate [47]: 268 

𝑥𝑏 = 1 − 𝑒𝑥𝑝 [−𝑎(
𝜃−𝜃0

∆𝜃
)𝑚+1]                                                              (12) 269 

where  270 

θ -  crank angle,  271 



θ0 - the start of combustion,  272 

Δθ - total combustion duration, 273 

a and m - adjustable parameters. 274 

Actual mass fraction burned curves have been fitted with a = 5 and m = 2. 275 

In non-knocking cycles, the flame propagates smoothly and the air/fuel mixture is ignited by the flame front, 276 

giving rise to weak pressure vibrations, as shown in Fig. 4a. Meanwhile, the in-cylinder pressure and heat 277 

release rate increase steadily to peak values then decrease after the whole mixture is consumed. Regarding 278 

these cases, the Wiebe function was tuned to match the accumulative heat release profile (Fig. 7a), and the 279 

parameters, a and m, were adjusted for each knock-free cycle. Based on the heat release data from CA2 to 280 

CA90 [28], we applied the Levenberg-Marquardt algorithm to adjust the Wiebe function for each 281 

combustion event [48], the sampled curve-fitting result for heat release rate (HRR) was presented in Fig. 282 

7b, showing good agreement with the practical combustion data. 283 

For knocking cycles, the end-gas auto-ignition occurred before the flame front arrival, which caused 284 

abnormal increases of heat release rates and led to deviations from the normal combustion process. To avoid 285 

potential bias because of auto-ignition, the combustion progress from CA2 to knock onset (Fig. 7c) was 286 

matched to predict the unleashed energy due to flame propagation. Next, the fitted function was extended 287 

to predict the fuel mass fractions consumed by the main flame during the knocking period. Consequently, 288 

the fuel mass burned by auto-ignition could be estimated by subtracting the Wiebe function forecasting 289 

results from the total burned fuel mass. Therefore, the heat released by auto-ignition was predicted by Eq. 290 

(9) [28]. The sample results were illustrated by Fig. 7d. 291 

𝑄𝐴 = ∫ (�̇� − 𝑄�̇�)𝑑𝜃 = 𝜂𝑐𝑚𝐹𝐿𝐻𝑉[𝑥𝑏 − 𝑥𝑤]𝜃𝑙
𝜃ℎ𝜃ℎ

𝜃𝑙
                                         (13) 292 

Where, 293 

𝜃𝑙 and 𝜃ℎ are the low and high limits of auto-ignition period; 294 

�̇� and 𝑄�̇� are the total heat release rate and the Wiebe function forecasting heat release rate at each crank 295 

angle; 296 



𝜂𝑐, 𝑚𝐹 and 𝐿𝐻𝑉 are the combustion efficiency, fuel mass and the low heat value for heat release calculation; 297 

𝑥𝑏 and 𝑥𝑤 are the real-time burn fraction and the proportion predicted by the Wiebe function; 298 

  
a) Cumulative heat release fraction and curve fitting for 

normal combustion cycle 

b) Comparison of heat release rate and prediction 

results by Wiebe function for normal combustion cycle 

  
c) Cumulative heat release fraction and curve fitting for 

knocking combustion cycle 

d) Splitting the heat release caused by auto-ignition and 

normal combustion  

Fig. 7. The process of predicting the knock induced heat release fraction with Wiebe function and curve fitting 

(sparking plug 3 and ST = -25 CAD aTDC) 

4. Results and discussion 299 

4.1 Multiple correlations and multiple linear regression between MAPO and different factors 300 

Table 8. Analysis influential factors of MAPO 301 

No. Item No. Item 

1 Spark number 6 Mean increase ratio of pre-knocks 

2 Spark timing 7 Mean decrease ratio of pre-knocks 

3 Number of increase pre-peaks 8 Mean increase value of pre-knocks 

4 Number of decrease pre-peaks 9 Mean decrease value of pre-knocks 

5 Number of stable pre-peaks   

As the MAPO represents the knock intensity, it is vital to identify the influential factors on MAPO and 302 

figure out which factor takes the leading role for high MAPO during knocking combustion. Consequently, 303 



a series of potential factors are listed in Tab. 8 for analysis. As is shown in Fig. 8, before the paramount 304 

peak appears, there are rises and falls of pre-peaks (vibration peaks before the highest peak) in amplitude, 305 

which may post certain effects on the subsequent MAPO. In this case, various features of pre-peaks, e.g., 306 

increase and decrease, mean variation ratios (relative percentages), and average variation values, are 307 

considered. 308 

  
Fig. 8. Schematic diagram of amplitude variations 

of pre-peaks and post-peaks (Spark plug: 1+3, 

CA50: 9 CAD aTDC) 

Fig. 9. Multiple correlation coefficients between MAPO 

and different factors 

The multiple correlation coefficients between MAPO and the listed factors in Tab. 7 are presented in Fig. 309 

9, and the corresponding values are listed in Tab. 9, which vary significantly for different factors. For the 310 

spark strategies, such as spark number and spark timing, their correlation coefficients with MAPO are 311 

surprisingly low. It indicates their effects are minimal, and more spark number or earlier spark timing does 312 

not lead to higher MAPO. In converse, the average increase value of pre-peaks possesses significant 313 

positive correlations (𝑟𝑠 = 0.965), which demonstrates that the higher the peak height growth, the higher the 314 

MAPO produced. In comparison, the average decrease value of pre-peaks tends to reduce the MAPO, but 315 

its effect is negligible. Furthermore, the number of ups and downs for pre-peaks pose opposite consequences 316 

on MAPO and their absolute values are the same (|𝑟𝑠|= 0.128). Additionally, the mean relative percentage 317 

of peak decrease has negative correlation (𝑟𝑠 = -0.112) with MAPO, which is more significant than that of 318 

peak increase. 319 

 320 



Table 9. Multiple correlation coefficients between MAPO and influential factors 321 

No. Item Value No. Item Value 

1 Spark number 0.01657 6 Mean increase ratio of pre-knocks 0.0375 

2 Spark timing -0.01203 7 Mean decrease ratio of pre-knocks -0.1116 

3 Number of increase pre-peaks 0.1278 8 Mean increase value of pre-knocks 0.9646 

4 Number of decrease pre-peaks -0.1278 9 Mean decrease value of pre-knocks -0.02625 

5 Number of stable pre-peaks 0    

 322 

After the sensitivity analysis, the parameters that weakly related with MAPO were filtered out to improve 323 

the predicting efficiency of MLR model. In total, the coefficients of MLR model were listed in Tab. 10. 324 

Table 10. MLR coefficients for MAPO prediction 325 

No. Item Value No. Item Value 

1 Number of increase pre-peaks 0.1278 5 Mean increase value of pre-knocks 0.9646 

2 Number of decrease pre-peaks -0.1278 6 Mean decrease value of pre-knocks -0.02625 

3 Mean increase ratio of pre-knocks 0.0375 7 R2 0.9674 

4 Mean decrease ratio of pre-knocks -0.1116 8 p-value 4.610E-156 

According to the statistical analysis results, the R2 value is very close to 1, the p-value is far below 0.01, 326 

which denotes the established MLR model possesses high precision. To validate the error between predicted 327 

and experimental values, the additional 10% data were used to compare and validate the forecasted values. 328 

 
Fig. 10. Validation of MLR model of MAPO 

Figure 10 shows the comparison results of MAPO between experimental data and MLR prediction values. 329 

The MLR model accorded well with the experimental data. Based on Eq. (3), the MAPE value is calculated 330 

as 3.22%, which proves the high forecasting accuracy of the established regression model.  331 



4.2 Pressure wave propagation 332 

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

CAD aTDC 
Fig. 11. FFT results with fixed CA50 but different spark plugs numbers (based on top sensor) 

The FFT method was used to evaluate the dominant frequencies of pressure oscillations caused by knock, 333 

regarding different spark strategies. According to the authors’ previous study [31], the top sensor could 334 

recognize more resonance modes than those installed at the side of the chamber. Therefore, for the different 335 

sparking strategies with the same CA50 at 9 CAD aTDC, the FFT results based on the top sensor signal are 336 

shown in Fig. 11.  337 

As specified by the Draper's "drum mode" theory [7, 49], the knock-induced pressure fluctuation was 338 

mainly from the first resonant mode (1, 0) along with the oscillating energy distributed in the frequency 339 

band between 6 and 8 kHz. Following Ref. [31], the acoustic resonance focused on (1, 0) mode when 340 

activating 1~2 spark plugs, while it is the most dominant in the single spark ignition case. Thus, activating 341 



spark plug 1 was adopted in the following sections (Fig. 11a) for further analysis of pressure wave 342 

propagation. 343 

  
a) mixed resonance mode b) resonance mode (1,0) 

Fig. 12. Time gaps among pressure oscillation peaks (sparking plug 1, ST= -27 CAD aTDC, CA50: 9 CAD 

aTDC) 

  
a) mixed resonance mode b) resonance mode (1,0) 

Fig. 13. Pressure oscillation peaks (side2 sensor, sparking plug 1, ST= -27 CAD aTDC, CA50: 9 CAD aTDC) 

Figure 12a shows the time gaps between the pressure oscillation peaks detected by different located pressure 344 

sensors, respecting the case of triggering spark plug 1 singularly at -27 CAD aTDC (Fig. 11a). In overall, 345 

the time gaps vary randomly in the range of 0.6 - 2 CAD, while the side1 and side3 sensors generally display 346 

larger time gaps than those of side2 and side4. This is because the fluctuation mainly developed in the 347 

direction between side2 and side4. Nevertheless, the weak oscillations between side1 and side3 sensors 348 

were omitted by them, which resulted in the wider time gaps among pressure oscillation peaks. In 349 



comparison, the top sensor exhibited more time gaps than the side sensors for the same fluctuation process, 350 

due to its higher sensitivity than the side ones. 351 

After removing the noises from other acoustic vibrating resonance modes, such as the (2, 0) and (0, 1) 352 

modes (Tab. 7), the main knock induced pressure oscillation form, mode (1, 0), was extracted from the raw 353 

signal, and the corresponding time gaps were presented in Fig. 12b. Since the time gaps provided by side2 354 

and side4 were more unified (Fig. 12a), this implies that the acoustic wave mainly travels between side2 355 

and side4 sensors; hence we choose the vibration signal captured by the side2 probe as reference (Fig. 13), 356 

since it provides high precision due to the pressure wave front hits the sensor tip directly. In addition, the 357 

vibration signals under mixed and primary resonance mode, monitored by other sensors, are shown in the 358 

attachment. 359 

Figure 13 shows the labeled knock vibration peaks before and after extracting the primary harmonic mode 360 

(1, 0). The peaks and related time gaps under mixed-mode are more distributed and casual, as shown in 361 

Fig.13a. In comparison, the extraction of resonance mode (1, 0) (Fig. 13b) can make the signal and time 362 

gaps more regular and accurate. As shown in Fig. 12 b, the time gaps under mode (1,0) diverge between 1 363 

– 1.4 CAD, while most of them focus on 1.2 CAD. Especially for the side2, nearly all the time intervals 364 

remain at 1.2 CAD. On average, the time interval between receiving two adjacent signals is 1.23 CAD for 365 

the side2 probe, namely as 0.17 ms. Besides, the mean acoustic wave speed is 496.81 m/s; hence the average 366 

wave traveling distance between two signals is calculated as 84.5 mm, which is close to the cylinder bore, 367 

85 mm. Consequently, regarding the sensors, splitting different acoustic resonance modes helps to improve 368 

the precision of time interval between two adjacent pressure signals, and deduce the pressure wave 369 

propagations across the combustion chamber during knock.  370 



4.3 Heat release fractions of auto-ignition 371 

  
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 

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

CAD aTDC 

Fig. 14. Heat release fractions of auto-ignition with fixed CA50 but different spark plugs  

Figure 14 presents the heat release fractions of auto-ignition contributed by normal and knocking 372 

combustion respectively, with the fixed CA50 but different spark plugs and sparking timings. The time gap 373 

between the peak HRR of normal combustion and the auto-ignition beginning (AIonset), and the knocking 374 

combustion duration (AIonset – AIend), are depicted in Fig. 14. 375 

For single spark ignition (sparking plug 1, Fig. 14a), the spark timing was set at -27 CAD aTDC with the 376 

fixed CA50, 9 CAD aTDC. In this case, the HRR of normal combustion (gradient of QNC, green part) went 377 

up smoothly and climaxed at 1 CAD aTDC, with the peak value around 42 J/CAD. Around 3 CAD aTDC, 378 

the auto-ignition happened and its HRR significantly increased to a much higher level, reached nearly 120 379 

J/CAD. Besides, the knock induced heat release vibrated heavily, causing some sharp spikes in the HRR 380 



profile. The energy released by knocking combustion (QAI, red area) occupied a large part of the total 381 

released energy (QNC + QAI), indicating the flame initiated by auto-ignition consumes rather proportion of 382 

the fuel mass. Moreover, the knocking combustion lasted a long duration, around 6.6 CAD. 383 

When switching the spark strategy from single to double spark ignitions (Fig. 3b), the sparking timing was 384 

delayed from -27 to -20 CAD aTDC. For the normal combustion heat release contributed by main flame 385 

propagation (QNC in Fig. 14b), there was a noticeable increase for the HRR rise rate, compared with that of 386 

single spark ignition (Fig. 14a). The peak value increased from 42 to above 60 J/CAD, because more spark 387 

ignitions led to faster flame spreading speed. Noted, there was a nearly vertical HRR increase whereafter 388 

the auto-ignition, indicating the high knock intensity. Furthermore, the knock HRR dropped slightly to 115 389 

J/CAD, QAI shrunk compared with that of single spark ignition (Fig. 14a), denoting more spark ignitions 390 

may lead to lower knock energy release. 391 

For the triple spark ignitions case (sparking plug 1+2+3, Fig. 14c), the HRR rise rate increased sharply than 392 

the aforementioned two cases in Fig. 14a and Fig. 14b, implying more spark ignitions contribute to more 393 

intense flame propagation. The top HRR value reached almost 80 J/CAD, much higher than the single and 394 

double sparking cases. Notably, with increasing the activated spark plugs, the auto-ignition emerged at 395 

relatively later timings, the time gap between the peak normal combustion HRR phasing and the  AIonset 396 

was enlarged from 0.6 to 2.6 CAD, manifesting more fuel was burned before the auto-ignition occurrence. 397 

Besides, the dramatic knocking reactions were reflected from the steep HRR rises in QAI area. Furthermore, 398 

the fraction of heat produced by auto-ignition became even smaller, because more fuel was burned by main 399 

flame initiated by more spark ignitions. 400 

When altering the sparking strategy from triple to quadruple spark ignitions, the spark timing was slightly 401 

retarded from -17 to -15 CAD aTDC. Likewise, the HRR growth rate, as well as the climax value, stayed 402 

steady. However, for the whole released energy, the part occupied by the knocking combustion was lower 403 

than that of triple spark ignition (Fig. 14c). Meanwhile, the duration of knocking combustion was even 404 

shorter (1.8 CAD), coupled with a relatively low HRR value (the peak HRR was around 65 J/CAD), 405 

implying less fuel was depleted by the auto-ignition. Additionally, the fluctuations of HRRs caused by 406 



knock were much milder than those in the abovementioned cases (Fig. 14 a-c), suggesting that the knock 407 

intensity was lower with activating four symmetrical spark plugs simultaneously. Consequently, valid 408 

conclusions can be drawn that four symmetrical spark ignitions could suppress the knock combustion in 409 

the experiment, which is consistent with the authors' previous study[16]. 410 

  
Fig. 15. Knock heat release fraction regarding CA50 of 

different spark strategies 

Fig. 16. Standard deviation of knock heat release 

fraction regarding CA50 of different spark strategies 

 
Fig. 17. Knock heat release fraction regarding MAPO of different spark strategies 

Figure 15 demonstrates the fractions of knock-induced heat release take up in the total released energy. 411 

When triggering 1-3 spark plugs simultaneously, the heat release fraction of auto-ignition goes up firstly 412 

along with the advanced CA50, because the knock intensities go higher and more fuel is burned by auto-413 

ignition. After that, the percentages fall off with earlier CA50, as the main flame travels faster due to the 414 



higher in-cylinder temperature, leading to more flame was consumed by normal combustion. In particular, 415 

when sparking four plugs simultaneously, the knock heat release percentage stays at a low level with 416 

different CA50, denoting this sparking strategy can suppress the auto-ignition and most of fuel was burned 417 

by flame propagation. Moreover, we see that more activated spark plugs lead to lower knock heat release 418 

fractions compared with other sparking methods. This is due to more spark ignitions leads to more 419 

expanding flame in the chamber, which results to larger flame area, hence less fuel was consumed by auto-420 

ignition. 421 

Figure 16 shows the standard deviation (SD) variations with CA50 for different spark strategies. With the 422 

CA50 going forward, the SD of heat release proportion goes up significantly except for the four spark 423 

ignition, which leads to very low SD because of the minimal value of released energy by auto-ignition. 424 

More important, at early CA50 ranges (< 9 CAD aTDC), more triggered plugs bring lower SD of knock 425 

heat release percentage, which indicates igniting more spark plugs generates better control about the auto-426 

ignition characteristics, e.g. location, duration, released energy and the corresponding fraction. According 427 

to Fig. 16, there are two ways to suppress the SD. On one hand, the spark timing could be delayed to reduce 428 

the number of knocking cycles, thus the uncertainty of knock heat release is suppressed. On the other hand, 429 

the four spark ignition proves to be an effective way to reduce the SD of knock heat release fraction, since 430 

it could stabilize the end-gas area near the center, decrease the knock heat release fraction (as seen in Fig. 431 

15), and shorten the duration of auto-ignition (as seen in Fig. 14). 432 

With the rising MAPO, most of the sparking methods firstly witness remarkable growths of heat release 433 

fractions contributed by auto-ignition, as shown in Fig. 17. On the one hand, the knocking combustion 434 

becomes more aggressive with increasing MAPO, which causes intensifier auto-ignition and consumes 435 

more fuel. On the other hand, the rising MAPO also contributes to higher flame speed, which becomes 436 

dominant in high MAPO cases and leads to drops of energy delivery fraction of auto-ignition. Moreover, 437 

compared with other spark strategies, triggering four spark plugs simultaneously results in the lowest knock 438 

heat release fraction because it restrains the knock occurrence, and the least fuel is burned by auto-ignition. 439 



  
Fig. 18. Knock HRR rise rate regarding CA50 of 

different spark strategies 

Fig. 19. Heat release fraction at knock onset regarding 

CA50 of different spark strategies 

Figure 18 shows that advancing CA50 contributes to apparent increases of knock HRR rise rates, because 440 

the knocking combustion becomes more violent, hence more fuel is consumed by auto-ignition. Similarly, 441 

the knock-induced HRR rise rate follows the same trend regarding the knock intensities of different 442 

sparking methods presented in our previous study [16]. Besides, there are slight declines in HRR rise rates 443 

after the climaxes, caused by the faster-propagating speed of the main flame due to the higher in-cylinder 444 

temperature. In comparison, activating all four plugs leads to the lowest knock HRR rise rate, manifesting 445 

it has suppressing effects on the knock development [16]. 446 

Figure 19 shows that with moving forward the CA50, the release energy percentage at knock onset 447 

decreased significantly for most cases, because the earlier CA50 causes stronger knock propensity and 448 

earlier knock onset, and less energy is unleashed before knock. However, for most applied sparking 449 

strategies, the heat release proportion at knock onset climbs slowly at early combustion phasing. This is 450 

due to the in-cylinder temperature increase along with the CA50 advance, which contributes to accelerating 451 

flame propagation speed, thus consuming more fuel before auto-ignition. Besides, the more activated spark 452 

plugs, the higher the heat release fraction at knock onset. 453 

5. Conclusions 454 

A customized liner with four spark plugs was used to implement a series of spark strategies to trigger 455 

controllable knock for investigation. Various end-gas zones are produced to inspect the knock 456 



characteristics with auto-ignition initiated from different parts of the cylinder. Up to five pressure sensors 457 

are applied to monitor the knock vibrating signal from different directions. The main conclusions are listed 458 

as follows. 459 

1. According to the sensitivity analysis, the average increase of pre-peaks has a much stronger correlation 460 

(r_s = 0.965) with the MAPO than spark number and spark timing. In contrast, the influence from average 461 

decrease is negative and negligible. The numbers of rises and falls of pre-oscillations give the same level 462 

but contrary effects on the MAPO value. 463 

2. Based on the influential factors, an MLR model is developed to predict the MAPO with high accuracy 464 

(R2 ~ 1, p-value << 0.01). 10% of experiment data is reserved for validating the model, which is proved to 465 

be precise according to the MAPE value (3.22%). 466 

3. Extracting the primary resonance mode (e.g., (1, 0)) singularly from the knock vibrating signal allows to 467 

dismiss the noises from minor acoustic waves, and make the knock induced oscillations more regular and 468 

accurate. For example, according to the acoustic speed and average time gap of fluctuating peaks resulted 469 

from knock, the pressure wave is speculated to travel along the axial diameter when activating plug 1 470 

singularly at -27 CAD aTDC. 471 

4. Compared with single spark ignition, triggering multiple spark plugs accelerates the flame spreading 472 

speed and increases the fuel burn rate. The knocking combustion duration is reduced, and the heat release 473 

fraction due to auto-ignition is decreased significantly. For the four spark ignition, the knock-induced heat 474 

release fraction is lower. Its fluctuations are much milder than other cases, implying triggering four 475 

symmetrical plugs could suppress the knock combustion. 476 

5. Under the dual effects from knocking combustion and flame propagation, the knock-induced heat release 477 

fraction rises at first then goes down with advancing the CA50. Similarly, with increasing the MAPO, the 478 

unleashed energy proportion of knock grows significantly then slightly goes down.  479 

 480 

 481 

 482 
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Appendix A: Knocking vibration signals detected by different sensors under mixing mode and the 610 

primary resonance mode (1,0) 611 

  
a) mixed resonance mode b) resonance mode (1,0) 

Fig. 1. Pressure oscillation peaks (top sensor, sparking plug 1, ST= -27 CAD aTDC, CA50: 9 CAD aTDC) 

  
a) mixed resonance mode b) resonance mode (1,0) 

Fig. 2. Pressure oscillation peaks (side1 sensor, sparking plug 1, ST= -27 CAD aTDC, CA50: 9 CAD aTDC) 

  
a) mixed resonance mode b) resonance mode (1,0) 

Fig. 3. Pressure oscillation peaks (side3 sensor, sparking plug 1, ST= -27 CAD aTDC, CA50: 9 CAD aTDC) 



  
a) mixed resonance mode b) resonance mode (1,0) 

Fig. 4. Pressure oscillation peaks (side4 sensor, sparking plug 1, ST= -27 CAD aTDC, CA50: 9 CAD aTDC) 
 612 


