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6 Abstract

7 Engine knock is one of the major obstacles limiting the thermal efficiency of spark-ignition (SI) engines. 

8 The in-cylinder spatial distribution of the pressure oscillation is of great importance to investigate the knock 

9 initiation and development. Using multiple pressure sensors to detect the local pressure oscillations is 

10 expensive and has a low spatial resolution. This study proposes a new method to measure the pressure 

11 oscillation distribution by monitoring the fluctuations of the local natural flame luminosity (NFL) during 

12 engine knocking combustion. To validate this method, simultaneous six-point pressure measurements and 

13 high-speed NFL imaging are implemented on an optical engine. The results indicate that end-gas auto-ignition 

14 leads to local fluctuations of both pressure and natural flame intensity. The local NFL oscillation phasing is 

15 0.5 crank angle degrees earlier than those of the pressure signals, possibly due to the different response delays 

16 of high-speed imaging and pressure data acquisition systems. After applying a time offset and amplitude 

17 normalization, the flame luminosity oscillations could reproduce the pressure oscillations with very similar 

18 phase and frequency spectra. Based on the six channels of pressure signals, the distributions of pressure 

19 oscillation amplitude in the cylinder are exhibited by a fitted two-dimensional contour; the pressure oscillation 

20 distribution can be well predicted by the six flame monitors at the same locations. The prediction accuracy is 

21 affected by the flame monitor size and the optimal radius is between 5 and 8 mm. More flame detectors can 

22 present more details of the knock-induced pressure oscillations. A proper monitor number can maintain the 

23 measurement accuracy while keeping an appropriate computation load. The proposed new method provides a 

24 non-intrusive way to measure the spatial distribution of the knock-induced pressure oscillations, which could 

25 be directly applied in optical engines or metal engines through optical fibers.

26 Keywords: Engine knock; Optical diagnostics; Pressure oscillations; Natural flame luminosity
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27 1. Introduction

28 Engine knock refers to the spontaneous auto-ignition of end-gas before the flame front arrival, and it is 

29 a fundamental problem that has affected the internal combustion engines for a long time [1]. The rapid heat 

30 release generates steep pressure gradients locally and leads to high-frequency fluctuations in the cylinder, 

31 imposing adverse effects on engine performance and service life [2]. Some state-of-the-art technologies, such 

32 as high compression ratio, downsizing, and down-speeding, have been extensively applied to improve engine 

33 efficiency. However, the applications of these techniques are challenged by the engine knock. 

34 As engine knock is intertwined with the local flow field and energy release, it was revealed that the 

35 acoustic fluctuations caused by knock were not stable and symmetrical in the cylinder [3]. Luong et al. [4] 

36 indicated that interactions among multiple auto-ignition fronts were enhanced by the combustion heating, 

37 yielding localized high-pressure spikes. Traditionally, the knock-induced pressure oscillations are analyzed 

38 based on the in-cylinder pressure recorded by transducers [5, 6]. For example, Syrimis and Assanis [7] used 

39 two pressure probes to investigate the pressure wave propagation temporally and spatially; however, the 

40 precision was limited since the acoustic vibrations along the path between the two transducers may not be 

41 predominant. Vressner et al. [8] applied eight pressure transducers to study the pressure oscillations of 

42 homogeneous charge compression ignition (HCCI) with a relatively low spatial resolution. However, installing 

43 multiple pressure transducers may introduce additional signal noises. Shahlari and Ghandhi [9] pointed out that 

44 the pressure data could be affected by aliasing the natural frequencies of multiple pressure sensors, even if the 

45 data acquisition frequency was below the sensor natural frequency. 

46 Despite the risks caused by knock, optical diagnostics has been proved to be an effective tool for knock 

47 study. Recently, some researchers [10-12] observed different end-gas combustion modes and captured the 

48 pressure fluctuations during knock by synchronizing high-speed photography and pressure acquisitions. 

49 Kawahara and Tomita [13] visualized the acoustic wave propagations after end-gas auto-ignition. The results 

50 revealed that large amounts of auto-ignited end-gas generated strong pressure waves. Chen et al. [14] 

51 investigated the relationships between knocking characteristics and auto-ignition and indicated that fast flame 
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52 speed facilitated the spontaneous ignition of end-gas. He et al. [15] concluded that the luminosity spectrum 

53 could identify the resonant frequencies and mode shapes produced in engine knock. Zhao and Kaiser [16] 

54 illustrated that optical diagnostic results had lower cycle-to-cycle variations than those of pressure signals. 

55 Kawahara et al. [17] investigated the OH* radicals distributions during knocking combustion and reported that 

56 their oscillations were synchronous with cylinder pressure. Nevertheless, the relations between natural flame 

57 luminosity and pressure oscillation at different locations during knocking combustion have not been 

58 systematically studied, and the spatial pressure oscillations during knocking combustion has not been well 

59 explored experimentally. Some researchers [18-20] applied a pressure-sensitive paint (PSP) technique to 

60 measure pressure oscillations directly, however, it is constrained under the high pressure and temperature 

61 conditions in SI engines. 

62 To bridge the above-mentioned research gaps, this study explored the relationship between knock-

63 induced pressure oscillations and the natural flame luminosity (NFL) intensity variations in an optical engine.  

64 Due to the randomness of engine knock both temporally and spatially, a multiple spark ignition system was 

65 employed to introduce more controllable knock events for analysis, which has also proved effective in some 

66 previous studies [21-23].  Four pressure sensors were installed circumferentially around the liner in the present 

67 work, and another two were mounted in the engine head (one at the center, another one with an offset) [24]. 

68 These multiple pressure signals were collected to illustrate the local in-cylinder pressure fluctuations. The 

69 predicted spatial distribution of the pressure oscillation based on the six pressure sensors was compared to the 

70 results derived from the NFL intensity fluctuations. A new method was proposed to measure the knock-induced 

71 pressure oscillation profiles by monitoring the local NFL intensity fluctuations. The effects of flame monitor 

72 number and size on the precision of this method were also explored. 

73
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74 2. Experimental setup

75 2.1 Engine system

76 A single-cylinder AVL optical research engine (AVL-5402) was used in this study. The engine system 

77 was controlled by the AVL PUMA Open Automation System (V2012). Figure 1a and Table 1 show the engine 

78 configurations and specifications, respectively. A customized metal liner employed four pressure transducers 

79 (GH15DK, AVL) circumferentially with even space, and these sensors were flush-mounted with a detection 

80 diameter of 3 mm. In addition, four side spark plugs (ER8EH, NGK) were mounted with a 15° offset near these 

81 pressure sensors. These plugs and pressure sensors are marked with 1 to 4, respectively. The inner and outer 

82 diameters of the liner are 85 and 135 mm, and its height is 29 mm; the piston has a diameter of 83.5 mm.

83 Figure 1b shows the arrangement of plugs and sensors from the top of the engine. One sensor of the 

84 same type was installed at the center of the cylinder head, through a metal tube adjusted with the same geometry 

85 as the original direct injector. Another pressure sensor (Top, GU22CK, AVL) was installed near spark plug 4, 

86 with an offset of 35 mm from the center. All the plug tips were placed horizontally to avoid colliding with the 

87 piston. More specifications of pressure sensors and spark plugs are listed in Ref. [22]. 

88
89 (a)
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90
91 (b)

92 Fig. 1. (a) Engine setup, (b) arrangements of plugs and sensors from the top view.

93 Table 1. Test engine specifications

Description Specifications
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)

Open  10° CA bTDCIntake valve timing Close  50° CA aBDC
Open   60° bBDCExhaust valve timing Close   0° aTDC

94

95 2.2 High-speed natural flame luminosity (NFL) imaging

96 As shown in Figure 1, a Bowditch extended piston was equipped with a flat quartz piston crown 

97 (Suprasil 2 Grade B). With the UV mirror placed below, a full optical bottom view of the combustion chamber 

98 could be captured from the side. A vacuum pump was fitted to evacuate the air from the engine crankcase, to 

99 prevent the oil splash during operation, and keep the optical components clean. 

100 Starting from the spark timing, the combustion process in the cylinder was recorded by a high-speed 

101 monochromatic camera (SA-X2, Photron) with a Nikon lens (50 mm, f 1.4), from the bottom of the quartz 

102 piston through the light reflections by the UV mirror. A 400 – 500 nm band-pass filter (FF01-451/106, Semrock) 

103 was used to suppress the high luminosity intensity from soot radiation. The engine and camera synchronization 

104 was achieved by sending out the TTL triggering signals from the AVL Indicom monitoring system to the 

105 camera. For each condition, the engine ran with 200 continuous firing cycles to confirm the quasi-steady state, 
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106 then operated another 200 consecutive firing cycles and they were captured by the camera. The frame rate was 

107 set to 72,000 frames per second with a pixel resolution of 384 × 384, and the exposure time was 12 μs, 

108 producing a time resolution of 0.1 CAD between two consecutive images at an engine speed of 1200 rpm. In 

109 each cycle, a total of 600 images were collected. The key specifications of the high-speed imaging system are 

110 listed in Table 2.

111 Table 2. Specifications of the high-speed imaging system

Description Specifications
Camera type SA-X2, Photron
Frame rate 72,000 fps
Frames per crank angle 10
Band-pass filter 400 – 500 nm
Shutter speed 1/400 000
Resolution 384 × 384
Exposure time 12 μs
Recorded images per cycle 600
Camera triggering time -10 CAD aTDC

112

113 2.3 Operating conditions

114 In the experiment, the engine speed was maintained at 1200 revolutions per minute (rpm). The inlet 

115 pressure and temperature were kept around 1 bar and 25 °C, and the oil and coolant temperatures were fixed 

116 at 90 °C. The cylinder pressure was simultaneously measured by all six pressure sensors with a resolution of 

117 0.1 CAD. The air/fuel ratio monitored by a UEGO lambda sensor was set at 1. The port fuel injection (PFI) 

118 timing and duration were set at -330 CAD aTDC and 6500 μs, respectively; the injection pressure was fixed at 

119 6 bar. The primary reference fuel (PRF, which is a mixture of isooctane and n-heptane), PRF80, was used to 

120 generate the stoichiometric air/fuel mixture.

121 3. Research methods

122 3.1 Knock-induced pressure oscillation quantification

123 A band-pass filter ranging from 4 and 20 kHz [25] was used to process the pressure signals obtained 

124 by the six pressure transducers. The maximum amplitude of pressure oscillation (MAPO) was selected to 

125 quantify the knock strength at each crank angle. More details can be found in Ref. [23].
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126 3.2 Frequency spectrum

127 Engine knock results in high-frequency fluctuations in the cylinder, and the chamber geometry and 

128 combustion process determine the generated frequency spectrum and acoustic resonance modes. The Fast 

129 Fourier Transform (FFT) and wavelet analysis methods are used here to evaluate the dominant frequencies of 

130 the knock vibrations, and the variations of their amplitudes with time. Ref. [23] introduced more details about 

131 these techniques. 

132 3.3 Knock onset determination

133 The knock onset is defined as the first point in time at which the amplitude of pressure oscillation 

134 surpasses a preset threshold ( ), as described in Refs. [26]. As shown in Fig. 2, there are apparent |𝑃𝑓| = 0.1 𝑏𝑎𝑟

135 increases in the heat release rate (HRR) and flame properties (e.g., flame area proportion and mean flame 

136 intensity) because of auto-ignition, denoting the validity of this knock onset determination method. 

Fig. 2. Knock onset determination with pressure oscillation (ST = -10 CAD aTDC)

137 3.4 Cross-correlation

138 Cross-correlation is used to measure the similarity of pressure and NFL measurement results, and its 

139 peak occurs at the lag where the data are most related [27]. Correlation coefficients for time series data can 

140 range from -1 to +1. The closer the cross-correlation is to 1, the more similar the two results are.

141 For two random time series vectors  and , their cross-correlation X =  (𝑋1,…,𝑋𝑚)𝑇 Y =  (𝑌1,…,𝑌𝑛)𝑇

142 matrix of  and  is defined by Eq. (1) [28]:X Y

143                                                                         (1)𝑅𝑋𝑌 ≜ 𝐸[𝑋𝑌𝑇]
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144 Where:

145  is the cross-correlation matrix of  and  and has a dimension of .𝑅𝑋𝑌 𝑋 𝑌 𝑚 × 𝑛

146 E is the expected value operator.

147  and  are the random vectors, and they need not have the same dimension, and either might be a 𝑋 𝑌

148 scalar value.

149 3.5 2D data fitting

150 Figure 3a shows that six pressure sensors are installed to collect pressure signals from different 

151 locations. Due to the directional nature of the knock oscillation, its amplitude may vary at different locations 

152 [23]. As shown in Fig. 3b, a 2D contour is fitted based on the quantified magnitudes of knock-induced pressure 

153 oscillations given by the six transducers. The values in this contour indicate the spatial distribution of pressure 

154 oscillations within the cylinder domain. 

155 As shown in Fig. 3c, a total of six virtual flame monitors, which have the same detection sizes as the 

156 flush-mounted pressure sensors, are used to monitor the natural flame luminosity from the same locations. The 

157 sampling properties of these virtual flame monitors are the same as the high-speed imaging, as shown in section 

158 2.2. Similarly, the flame intensities provided by these virtual flame monitors are fitted to build a 2D contour 

159 (see Fig. 3d), to demonstrate the NFL distributions in the cylinder.

a) Arrangement of pressure sensors b) 2D contour of knock-induced pressure oscillation
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c) Arrangement of virtual flame monitors d) 2D contour of knock-induced NFL oscillation

Fig. 3. Configurations and 2D data fitting results of pressure and NFL monitor

160

161 3.6 Structural similarity

162 The structural similarity index measure (SSIM) is used to evaluate the similarity between the 2D 

163 contours derived from pressure and NFL measurements, and the compared two images should have the same 

164 sizes. Similar to cross-correlation, the value range of SSIM ranges from −1 to +1; SSIM = 1 denotes the contrast 

165 images are identical. This index is based on the local SSIM between two windows x and y of size N ∗ N pixels 

166 [29]:

167                                                       (2)𝑆𝑆𝐼𝑀(𝑥,𝑦) =  
(𝜇𝑥𝜇𝑦 + 𝑐1)(2𝜎𝑥𝑦 + 𝑐2)

(𝜇2
𝑥 + 𝜇2

𝑦 + 𝑐1)(𝜎2
𝑥 + 𝜎2

𝑦 + 𝑐2)

168 Where:

169  and  are the average values of windows x and y;𝜇𝑥 𝜇𝑦

170  and  are the variances of windows x and y;𝜎2
𝑥 𝜎2

𝑦

171  is the covariance of windows x and y;𝜎𝑥𝑦

172 constants  and , L = 255 indicates the luminance range of the image;𝑐1 = (𝑘1𝐿)2 𝑐2 = (𝑘2𝐿)2

173  and  are experimentally defined constants.𝑘1 = 0.01 𝑘2 = 0.03
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174 The global SSIM index for images A and B is calculated as the arithmetic mean of the local estimated 

175 :𝑆𝑆𝐼𝑀(𝑥,𝑦)

176                                                           (3)SSIM(A, B) =  
1
𝑀∑

𝑥𝑦𝑆𝑆𝐼𝑀(𝑥,𝑦)

177 Where A and B are two images of equal size, and M is the number of windows.

178 4. Results and discussion

179 4.1 Knocking combustion characteristics

180 Figure 4 shows the knocking combustion characteristics and flame luminosities of the specific cycle 

181 using the triple spark ignition at -10 CAD aTDC. The pressure data is based on the top sensor and the specific 

182 knock cycle with the highest MAPO is selected for this case. The crank angle is marked in the upper left corner 

183 of each image, while the corresponding amplification factor of flame luminosity is tagged in the lower right 

184 corner. From 10 to 15 CAD aTDC, the flame grows smoothly and leads to a gradual increase of pressure, HRR, 

185 and mass fraction burned (MFB). At 16.4 CAD aTDC, the amplitude of pressure oscillation surpasses the 

186 preset threshold (0.1 bar), which is taken as the start of auto-ignition (marked by the red dashed line in Fig. 4). 

187 This timing is very close to the auto-ignition onset timing observed at 16.1 CAD aTDC from the high-speed 

188 images (marked by the red arrow in Fig. 4), which underlies the validity of the knock onset determination 

189 method introduced in section 3.3. 

190 From 16.4 to 17.5 CAD aTDC, the auto-ignited flame propagates rapidly in the end-gas zone, producing 

191 weak pressure oscillations and steady increases of pressure and HRR shown in Fig. 4. Starting from 17.5 CAD 

192 aTDC, the HRR increases significantly and peaks at 18.5 CAD aTDC. Meanwhile, the MFB surges from 65% 

193 to near 95% within 1 CAD. These variations manifest that a large amount of fuel is burned instantly in the end-

194 gas zone, similar to isochoric combustion. Next, the fierce auto-ignition contributes to remarkable escalations 

195 of in-cylinder pressure and related amplitude of knock vibrations. Furthermore, we notice the combustion 

196 luminosities are boosted after knock onset. Meanwhile, the flame intensity oscillates across the chamber during 

197 the auto-ignition process, which will be further investigated in the next section.
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Fig. 4. The knocking combustion process with synchronizing in-cylinder pressure, heat release, and NFL images (ST = -10 
CAD aTDC) 

198

199 4.2 Mean flame intensity analysis

200 Regarding the knocking combustion process illustrated in Fig. 4, the flame regions at different crank 

201 angles are extracted for analysis. The mean flame intensities and the corresponding oscillation amplitudes after 

202 band-pass filtering are compared with the cylinder pressure and pressure fluctuations respectively, as shown 

203 in Figure 5. Before 16 CAD aTDC, the mean flame intensity and cylinder pressure grow steadily during normal 

204 combustion in the cylinder, and their fluctuations are very weak. When knock happens at 16.1 CAD aTDC (see 

205 Figure 4), the mean flame intensity is doubled instantly, accompanied by the aggravating pressure oscillations. 
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206 However, despite the high-frequency pressure fluctuations, there are small fluctuations in the mean flame 

207 luminosity. In comparison, the highest amplitude of pressure oscillation is above 5 bar, while that of luminous 

208 intensity is no more than 0.3 arbitrary units. This fact indicates that the average flame luminosity in the whole 

209 space domain is limited in representing the knock-induced fluctuations. 

Fig. 5. The variations and band-pass filtering results of mean flame intensity and in-cylinder pressure.

210

211 4.3 Flame intensity oscillations with six flame monitors

212 As the mean flame luminosity is incapable of reflecting the knock-induced oscillations, six virtual flame 

213 monitors (see Fig. 3c) are set with the same sizes and locations as the installed pressure sensors (see Fig. 3a). 

214 The mean flame luminosities in the masked areas of these virtual monitors are recorded to show the flame 

215 intensity variations. Next, both the flame intensities and pressure oscillations are normalized for comparison. 

216 Taking side1 for example (see Fig. 6a), the flame luminosity shows highly similar time-varying trends with 

217 the pressure oscillations during knock, which could be validated by their high cross-correlation value (0.9272) 

218 shown in Fig. 6b. These results indicate that the knock-induced pressure oscillations can be well represented 

219 by the accompanying local NFL fluctuations. Notably, the cross-correlation result (see Fig. 6b, the time 

220 resolution is 0.1 CAD) denotes that there is a phasing lag of 0.5 CAD between the flame intensity fluctuations 

221 and pressure oscillations at side1, and the same with the results collected from other positions (see Figure 1 in 
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222 Appendix A). As the time gap between these two signals is uniform at different monitoring points, which could 

223 be attributed to the different time delays between the pressure and imaging acquisition systems. After applying 

224 this time offset, the pressure and NFL fluctuations are highly synchronized, especially during intense pressure 

225 oscillations near the peak value, as shown in Fig. 6a. More comparison results from other locations are listed 

226 in Appendix A. As the NFL monitoring can detect the local knock-induced pressure oscillations with high 

227 spatial and time resolutions, it proves to be an excellent supplement to pressure sensing in knock study. Apart 

228 from the optical engines, this technique could be applied to commercial engines (all-metal) through fiber optic 

229 sensors [30].

230

231 Figure 7 shows the oscillation frequencies of flame luminosity and pressure oscillation signals detected 

232 at the side1 position. From the comparison results, we see that the frequency bands are mainly located in the 

233 ranges of 6 - 8 kHz and 11 - 12 kHz, while the results of flame intensity are consistent with that of the pressure 

234 sensors. In comparison, the correlation of frequencies between pressure and flame intensity between 4 and 20 

235 kHz is 0.91, denoting that the oscillation frequencies of NFL are highly correlated with those of knock-induced 

236 pressure oscillations. The comparisons of frequency spectra at other positions are listed in Appendix B.

a)  signal fluctuations b) Cross-correlations (0.9272)
Fig. 6. The comparisons and cross-correlations between pressure oscillations and flame intensity fluctuations at side1 during knock
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Fig. 7. Comparisons of oscillation frequencies spectrum of the pressure and flame intensity detected at the side1 position.

237
238 4.4 Effects of flame monitor size on the pressure oscillation results

239 Figure 8 shows the arrangements of the six flame monitors in the cylinder, their radii are set at R 

240 uniformly. To investigate the effects of flame monitor size, the R is adjusted from 1mm to 40 mm. As the 

241 cylinder bore is 42.5 mm, the monitor with a radius of 40 mm could scan almost the whole area in the cylinder 

242 with considerable overlaps among them.

243 Figure 9 demonstrates the normalized amplitudes of knock-induced oscillations detected by the 

244 pressure transducers and virtual flame monitors of varying radii and their corresponding cross-correlations. 

245 These data are collected from the side1 position. When setting the virtual flame monitors with small sizes (e.g., 

246 R = 1 and 3 mm, see Figs. 9a and 9b), the fluctuations of flame intensity are consistent with the pressure 

247 oscillations. Still, it is not stable at some crank angles, especially when the knock is weak. This can be reflected 

248 by the relatively low cross-correlations (0.8606 and 0.8944) between flame intensity and pressure data, which 

249 may be due to the high relative error caused by the small monitor size. With increasing the monitor size to R 

250 = 5 and R = 8 mm respectively (see Figs. 9c and 9d), the flame intensity variations become more stable and 

251 consistent with the knock-induced pressure oscillations. Additionally, the cross-correlation reaches 0.9272 and 

252 0.9026 respectively, denoting their consistency peaks in between. In comparison, after expanding the virtual 

253 flame monitor to large sizes (R = 20 and 40 mm, see Figs. 9e and 9f), the deviations of luminosity fluctuations 

254 from the pressure signals become evident, which could be seen from the decreasing cross-correlations (0.8890 

255 and 0.7915). 
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Fig. 8. Schematic diagram of flame monitors (the radius is marked by R).

256

(a) Radius = 1 mm (correlation = 0.8606) (b) Radius = 3 mm (correlation = 0.8944)
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(c) Radius = 5 mm (correlation = 0.9272) (d) Radius = 8 mm (correlation = 0.9026)
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(e) Radius = 20 mm (correlation = 0.8890) (f) Radius = 40 mm (correlation = 0.7915)

Fig. 9. Normalized oscillation amplitudes calculated from pressure signal and flame luminosity and their correlations with (a) 
radius = 1 mm, (b) radius = 3 mm, (c) radius = 5 mm, (d) radius = 8 mm, (e) radius = 20 mm, and (f) radius = 40 mm at the side1 

position.

257

Fig. 10. Amplitudes of knock oscillation frequencies based on the pressure sensor and flame intensity with different radii at 
the side1 position (R = 1, 3, 5, 8, 20, 30, 40 mm).

258

Table 3. The frequency cross-correlations between pressure and 
flame intensity oscillations during knock (side1)

Radius Correlation

1mm 0.8731

3 mm 0.9221

5 mm 0.9234

8 mm 0.9250

20 mm 0.9100

30 mm 0.8819

40 mm 0.8271

259
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260 The frequency spectra of flame intensity fluctuations during knock can be seen in Fig. 10, and their 

261 cross-correlations with the frequency of pressure oscillations are listed in Table 3. In comparison, the 

262 oscillating frequency spectra detected by the virtual flame monitors are similar to those based on pressure 

263 signals. However, their differences change when varying the monitor size. With a small monitor size (e.g., R 

264 = 1 mm and 3 mm), the frequency spectra of flame luminosity are more sensitive to the low-frequency range 

265 while their amplitudes are much lower. With the increase of the flame monitor radius, the deviations between 

266 the frequency spectra of mean flame intensity and pressure fluctuations become smaller at first. When the 

267 radius is at 5 mm, the NFL frequency spectrum is closest to that of cylinder pressure. After that, the difference 

268 increases with expanding the flame monitor size. As shown in Table 3, the cross-correlation between the 

269 frequencies of pressure and flame luminosity is improved by increasing the virtual monitor size. It reaches its 

270 highest level between R = 5 mm and R = 8 mm. When increasing the flame monitor radius above 20 mm, the 

271 frequency spectra of flame intensity deviate more from that of pressure oscillations, and the former amplitude 

272 becomes higher than the latter, indicating that larger sizes of the virtual flame monitor are more accessible to 

273 low-frequency fluctuations. In particular, when the radius is above 30 mm, the fluctuating frequency is more 

274 concentrated towards the band between 6 and 8 kHz, representing the (1, 0) acoustic harmonic mode. This 

275 trend also suggests that the large flame monitor is insensitive to high-frequency flame luminosity oscillations 

276 in its detection domain. Moreover, their cross-correlation reduces with further enlarging the monitor size. This 

277 indicates that the optimum virtual flame monitor size is between 5 and 8 mm to detect knock-induced NFL 

278 intensity fluctuations. 

279 4.5 Effects of flame monitor number on the pressure oscillations

280 Figure 11 presents the different arrangements of pressure sensors and flame monitors to detect the in-

281 cylinder pressure oscillations and luminosity variations, respectively. Figures 11a and 11b have the same 

282 numbers of pressure probes and flame monitors at the same positions. Next, we introduced additional flame 

283 monitors near the cylinder wall and in the inner areas, and the detector number was increased to 14 and 22 

284 respectively, as shown in Figs. 11c and 11d. Furthermore, the number of luminosity detectors is increased to 
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285 53 and 150. The radius of these luminosity recorders is kept at 5 mm in all cases except for the 150 monitors, 

286 and the size is reduced to 3mm to avoid overlap of the sensors.

(a) 6 pressure sensors (b) 6 flame monitors

(c) 14 flame monitors (d) 22 flame monitors

(e) 53 flame monitors (f) 150 flame monitors

Fig. 11. Different numbers of applied monitors: six pressure sensors (a), six flame monitors (b), 14 flame monitors (c), 22 
flame monitors (d), 53 flame monitors (e), and 150 flame monitors (f).
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287 Figure 12 demonstrates the fitted 2D contours of the knock-induced pressure oscillations in the cylinder 

288 from 18.6 to 19 CAD aTDC, based on the normalized values from six pressure sensors and six flame monitors 

289 respectively. The contours are unified to the same range of color bar for comparison. In the beginning, the 

290 pressure waves with positive fluctuating amplitudes are concentrated in the 4th quadrant of the combustion 

291 chamber, while the ones with negative amplitudes focus in the 2nd quadrant. This indicates that the knock-

292 induced oscillations are mainly between the 2nd and 4th quadrant, consistent with NFL images in Fig. 4. At 18.8 

293 CAD aTDC, the pressure oscillation amplitude reaches the maximum. Notably, the positive oscillations region 

294 moves to the 1st quadrant of the cylinder at 18.9 CAD aTDC, while it changes to the 2nd quadrant at the next 

295 crank angle (19.0 CAD aTDC). This fact indicates that the wave traveling path may change during knock 

296 oscillations because of the secondary acoustic waves. The contours generated by the six flame monitors are 

297 very similar to those given rise by pressure results. The slight differences between the contours shown in Figs. 

298 12a and 12b could be due to the line-of-sight nature of the NFL imaging and the limited dynamic range of the 

299 high-speed camera. The satisfactory agreement demonstrates that the NFL intensity monitoring is a qualitative 

300 method to measure the spatial distributions of pressure oscillations in the cylinder.
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(a) 6 pressure sensors (b) 6 flame monitors

Fig. 12. 2D contours of in-cylinder knock vibrations based on six pressure sensors and six flame monitors respectively

301 Increasing the flame monitor number from 6 to 14 and 22 respectively, more pressure fluctuating details 

302 are shown in Fig. 13. For example, comparing the contour plots at 18.6 CAD aTDC in Fig. 12a and Fig. 13a, 

303 the added flame detectors introduce more oscillation layers. Besides, both the positive and negative outlines 

304 become more complex, indicating that more flame monitors detect more pressure oscillation details. In 

305 comparison, after adding another eight flame monitors around the cylinder wall, more knock fluctuation details 

306 appear in the graphs demonstrated in Fig. 13b. Similarly, both the positive and negative fluctuating areas move 

307 anti-clockwise, indicating that the pressure wave propagation direction changes anti-clockwise during the 

308 knock event.
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(a) 14 flame monitors (b) 22 flame monitors
Fig. 13. 2D contours of in-cylinder knock vibrations based on (a) 14 flame monitors and (b) 22 flame monitors
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309 As shown in Figure 14a, the contour plots present more distribution structures of in-cylinder pressure 

310 oscillations after further increasing the flame monitor number to 53 compared to those shown in Figures 12-

311 13. These detectors are widely arranged in the combustion chamber, providing more accurate information about 

312 the in-cylinder pressure oscillations. Notably, compared with graphs created based on 22 and 53 monitors, the 

313 boundary lines between the positive and negative oscillating areas do not exhibit much difference, despite the 

314 latter showing more detailed information inside these areas. Furthermore, when increasing the flame monitor 

315 number from 53 to 150 (Fig. 14b), there is no significant change in the pressure fluctuation profiles in the 

316 cylinder, including the distributions of knock oscillation strength and the boundaries between the positive and 

317 negative fluctuating areas. This suggests that 53 flame monitors are sufficient to provide the whole picture of 

318 in-cylinder pressure oscillations precisely while keeping the computation load at an acceptable level compared 

319 to that of 150 flame monitors (reduced by 65%).
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(a) 53 flame monitors (b) 150 flame monitors

Fig. 14. 2D contours of in-cylinder knock vibrations based on (a) 53 flame monitors and (b) 150 flame monitors

320 4.6 Comparisons of NFL images and pressure oscillation contours

321 Figure 15 compares the high-speed NFL images and the 2D contour plots of the predicated pressure 

322 oscillations based on the 53 virtual flame monitors. At 18.6 CAD aTDC, a large amount of fuel is auto-ignited 

323 in the end-gas zone, consistent with the HRR and MFB increases shown in Fig. 4. The auto-ignition generates 

324 a local high-luminosity area between side3 and side4. Correspondingly, the fitted 2D contour presents similar 

325 results to the NFL image. At 18.7 CAD aTDC, the spontaneous combustion flame expands rapidly in the 4th 

326 quadrant, which is fully reflected in the matching contour. In the following few crank degrees, the areas with 

327 high flame intensity change to different positions due to the directions of pressure fluctuations and soot 
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328 radiation areas. Similarly, the contour plots also exhibit these trends, and their luminosity distributions in the 

329 cylinder are very close to the NFL images. These facts indicate that the proposed method succeeds in 

330 reproducing the pressure oscillation distribution by monitoring the local natural flame luminosity fluctuations 

331 during engine knock combustion. 
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(a) NFL images (b) 53 flame monitors

Fig. 15. Comparisons of NFL images and 2D contour plots of pressure oscillations based on 53 flame monitors during 
knocking combustion

332 5. Conclusions

333 In the present study, the relationship between knock-induced pressure oscillations and the NFL intensity 

334 variations in an optical engine. Six pressure transducers were installed at different locations to detect the local 

335 pressure fluctuations in engine knocking combustion. High-speed photography of the flame luminosity was 

336 implemented to synchronize the NFL images with the pressure acquisitions. A new method was proposed to 

337 evaluate the pressure oscillation during engine knock by monitoring local NFL intensity fluctuations. 

338 Compared with previous knock studies, this method provides a non-intrusive way to measure the spatial 

339 distribution of the knock-induced pressure oscillations with high resolutions. The main conclusions drawn are 

340 as follows:

341 1. During knocking combustion, the instantaneous auto-ignition of end-gas contributes to significant 

342 pressure oscillations and NFL intensity fluctuations simultaneously. The variations of local NFL intensity are 

343 very similar to the pressure fluctuations at the same position. The phases of local NFL intensity oscillations 

344 are normally earlier than the pressure oscillations (0.5 CAD at the engine speed of 1200 rpm), possibly due to 

345 different time delays of the pressure and imaging acquisition systems. The frequencies of the NFL intensity 

346 variations are consistent with those of the pressure oscillations. Consequently, the local NFL intensity 

347 fluctuations could reproduce the spatial distributions of knock-induced pressure oscillations.
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348 2. Small flame monitors (i.e. 1 and 3 mm) introduce more noises of NFL intensity fluctuations 

349 compared with pressure oscillations. Increasing the flame monitor size (i.e. 30 and 40 mm) leads to more 

350 deviations of NFL intensity fluctuations from the pressure oscillations. In comparison, the flame monitor with 

351 a radius between 5 and 8 mm shows the best agreement with the measured pressure oscillations. The 

352 frequencies of NFL intensity fluctuations are more focused in the low-frequency band with increasing flame 

353 monitor radius.

354 3. The contours of NFL intensity fluctuations are consistent with those given by pressure signals. When 

355 increasing the number of virtual flame monitors from 6 to 53, more details about the knock-induced pressure 

356 oscillations are obtained. However, there is no significant change in resolution of the contour plots when 

357 increasing the flame monitor number to 150. It indicates that 53 flame monitors are sufficient to study the 

358 knock-induced pressure oscillations under the current engine with a bore of 85 mm and a flat piston while 

359 keeping the acceptable computation load.

360 4. The pressure oscillation distribution obtained by the flame monitors agrees well with the NFL images 

361 during engine knock. The potential applications of the proposed method are discussed, and it can be used to 

362 monitor knock-induced pressure oscillations through optical engine setup or installing optical fibers in metal 

363 engines.
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436 Appendix A

437

(a) Top sensor

(b) Center sensor

(c) Side2 sensor
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(d) Side3 sensor

(e) Side4 sensor

Fig. A.1. Comparisons of normalized pressure oscillations and luminous fluctuations at different positions
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441 Appendix B

442

(a) Top sensor (b) Center sensor

(c) Side2 sensor (d) Side3 sensor

(e) Side4 sensor

Fig. B.1. Comparisons of oscillating frequencies of pressure oscillations and luminous fluctuations at different positions
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