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a b s t r a c t 

To provide fundamental insights into the underlying mechanisms of knock occurrence in a spark-ignition 

(SI) engine, optical diagnostic measurements were performed at advanced spark timing under boosted 

conditions. Employing high-speed imaging, deflagration-to-detonation transition (DDT) processes were 

recorded. The states and locations of the unburned mixture more susceptible to autoignition were iden- 

tified by statistically analyzing the recorded images of the spatial distribution of flame propagation and 

end-gas autoignition under distinct combustion modes. The relationships between the unburned mixture 

fraction (UMF) and two metrics associated with the knock intensity levels, namely the maximum ampli- 

tude of pressure oscillation (MAPO) and the peak in-cylinder pressure, P max , were examined. In contrast 

to common beliefs, we found that the knock intensity represented by MAPO is not strongly correlated 

with UMF because UMF alone is inherently insufficient to represent the thermo-chemical properties of 

the bulk mixture inhomogeneities and its chemical reactivity at the onset of end-gas autoignition occur- 

rence. Instead, a much stronger correlation was found between UMF and a newly proposed normalized- 

peak-pressure metric, allowing an a prior prediction of P max , which is a critical parameter associated with 

the propensity of engine failure if P max exceeds the strength limit of the engine. To quantitatively predict 

MAPO under SI-engine conditions, a refined model was proposed by imposing the pressure and temper- 

ature traces into the zero-dimensional (0-D) reactor model, such that the thermochemical properties of 

the transient mixture state at the onset of end-gas autoignition are properly incorporated into the predic- 

tive criteria. The model was validated against a large experimental dataset consisting of 619 cycles under 

various operating conditions. The results show that the model can reliably predict the end-gas autoigni- 

tion and the knock intensity levels dictated by MAPO regardless of the stochastic nature of the knock 

development process. 

© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Towards higher efficiency, modern spark ignition (SI) engine de- 

igns have been adopting downsizing and boosting to achieve a 

igh compression ratio [1] . However, operations at a high compres- 

ion ratio are limited by the increased propensity of knock, defined 

s the end-gas autoignition, or super-knock, defined as the devel- 

ping detonation process of reactant mixture prior to spark igni- 

ion [2] . For the boosted engine operation, super-knock is a serious 

oncern due to its extreme pressure peaks and violent oscillations, 

otentially leading to severe mechanical damage. Therefore, an im- 

roved understanding of fundamental mechanisms of super-knock 
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evelopment is needed in order to develop a reliable predictive 

ool [3–7] . 

It is widely accepted that super-knock occurrence results from 

 resonance between the acoustic wave and the heat release in 

he end-gas region [8,9] . The coupling between chemical reactions 

nd acoustic wave can accelerate the energy release of the un- 

urned mixture, leading to more violent pressure spikes. As such, 

he super-knock cycles exhibit significant pressure rise and high 

nock intensity which can be dictated by the maximum in-cylinder 

ressure, P max , and the maximum amplitude of pressure oscilla- 

ion (MAPO) [10] . Specifically, P max serves as an indicator for en- 

ine failure if P max exceeds the engine strength limit, while the 

APO measures the amplitude of pressure fluctuation levels in the 

ombustion chamber. Note that a high P max may result either from 

1) a high reactivity of the end-gas mixture state, i.e., high pres- 

ure and temperature near the top dead center (TDC) along with 

 large fraction of the remaining unburned mixture at the knock 
. 

https://doi.org/10.1016/j.combustflame.2023.112854
http://www.ScienceDirect.com
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Fig. 1. Schematic diagram of the engine setup. 
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nset (but not necessarily lead to a high MAPO); or from (2) a 

eveloping detonation process that also leads to extremely high 

APO due to pressure wave resonance [11] . In other words, P max 

nd MAPO are both useful quantities but may not be directly cor- 

elated. 

In general, a higher level of unburned mixture fraction (UMF) 

t the onset of the end-gas autoignition is expected to yield a 

reater knock intensity level. To predict knock intensity, repre- 

ented by MAPO, researchers have attempted to correlate it with 

MF, but found a weak correlation between these two quantities 

ue to the random nature of the phenomenon. For example, Wang 

t al. [12] reported that knock intensity increased with earlier pre- 

gnition timing, higher UMF, and higher temperature/pressure of 

he unburned mixture, but no consistent correlation was found 

etween knock intensity and any of the parameters. Zhou et al. 

13] also studied the super-knock tendency in a SI engine, and 

ound no clear relationship between knock intensity and knock on- 

et for super-knock cases. Robert et al. [14] performed an analysis 

o predict knock intensity in relation to UMF at the knock onset. 

hey also found that the correlations change significantly when 

hifting from a normal knocking cycle to a super-knocking cycle, 

nd no unified metrics were found to reliably predict both normal 

nock and super-knock cases. These studies implied that the corre- 

ations between the unburned mixture and knock intensity are still 

argely unclear, which challenges the prediction of knock inten- 

ity, especially in super-knock cycles with excessive pressure oscil- 

ations and extremely high-pressure spikes. The lack of correlation 

etween UMF and MAPO may be attributed to the differences in 

he thermochemical properties, the spatial non-uniformities, and 

eactivities of the unburned end-gas mixture at the knock onset 

5–7,15,16] . These key parameters of the transient unburned mix- 

ure state need to be taken into consideration for a better predic- 

ion of combustion modes. 

In contrast to using UMF as the key predictive metric, 

radley and coworkers [17,18] developed a detonation regime 

iagram that accounts for the spatial non-uniformity and re- 

ctivity of the hot spots which inherently exist in the un- 

urned fuel/air mixture. The regime diagram employs two 

on-dimensional parameters, namely the resonance parameter , 

, and the reactivity parameter , ε, to classify ignition regimes evolv- 

ng from autoignitive hot spots. Kalghatgi et al. [2,19,20] effec- 

ively utilized the ξ − ε regime diagram to distinguish different 

nocking cycles in a SI engine under various operation conditions. 

pecifically, the Livengood–Wu integral [21] was used to estimate 

he ignition delay time, τig , and the resulting ξ and ε were then 

apped into the regime diagram. The knocking cycles were rea- 

onably identified by the detonation peninsula. However, the es- 

imation of ξ and ε in the previous studies relied solely on the 

nitial state of the mixture. Due to the stochastic nature of knock- 

ng cycles, knock intensity is found to depend largely on the tran- 

ient thermo-chemical state of the unburned mixture just prior to 

he onset of end-gas autoignition [14,15] . As the unburned end- 

as mixture generally undergoes a long transient duration due 

o the synergistic compression heating effect of the piston mo- 

ion and propagating turbulence flames, a reliable prediction of 

ormal/super-knock cycles requires an accurate representation of 

he transient mixture state prior to the onset of end-gas autoigni- 

ion [5,16] . 

Recent studies have scrutinized the effects of the temporal evo- 

ution of the transient mixture state on detonation propensity 

5–7,16,22,23] . For example, Pan et al. [24] numerically examined 

he effects of varied thermodynamic states caused by the recip- 

ocating piston motion and the compression heating of the flame 

ropagation on knock intensity in a SI engine, and quantitatively 

ompared the differences in the corresponding detonation penin- 

ula. Towery et al. [25] proposed a statistical model to evaluate the 
2 
and ε parameters in the presence of compressible isotropic tur- 

ulence fluctuations. The model can identify the developing det- 

nation regime of an autoignitive gas resulting from turbulence- 

nduced thermodynamic gradients. However, previous studies have 

ot fully incorporated the transient end-gas mixture states of SI 

ngines in evaluating the ξ − ε parameters to improve a quanti- 

ative prediction of knock intensity covering normal/super-knock 

ycles [6,7,16] . 

To this end, the objective of this study is twofold: (1) to propose 

 new normalized metric for the correlation between the unburned 

ixture fraction and the peak in-cylinder pressure, (2) to develop a 

-D model that incorporates the transient state of unburned mix- 

ure of a SI engine to enable a better prediction of knock inten- 

ity levels. Optical diagnostics are conducted in a SI engine to vi- 

ualize the developing detonation processes and to provide a large 

xperimental dataset of the knocking cycles under various oper- 

ting conditions in order to validate the predictive accuracy of 

he 0D model. The probability of the end-gas autoignition regions 

rone to the high knocking cycles is also statistically determined. 

 strong correlation between UMF and the ratio of the peak pres- 

ure to the pressure at the knock onset has been found for a wide 

ange of engine conditions. The results indicate that the peak in- 

ylinder pressure and the knock intensity levels are well predicted 

y the newly developed criteria, as the thermo-chemical properties 

f the bulk mixture at the onset of end-gas autoignition are fully 

onsidered. 

. Experimental setup 

.1. Engine system 

The experiments were implemented on a single-cylinder opti- 

al compression CI engine (AVL-5402). The engine was modified to 

perate under the SI mode of high knocking-intensity levels. The 

chematic diagram of the engine setup is shown in Fig. 1 , and the

ngine specifications and operating conditions are listed in Table 1 . 

The original CI engine was modified to operate under the SI 

ode with port fuel injection (PFI). An inlet manifold was installed 

ith a customized PFI module equipped with a port injector (SCRE 

405, Bosch). A customized metal liner was installed with four 
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Table 1 

Engine specifications and operating conditions. 

Description Specifications 

Stroke 90 mm 

Bore 85 mm 

Engine speed 1200 rpm 

Compression ratio 9 

Intake pressure 1, 1.2 bar 

Intake temperature 25 ◦C 

Coolant temperature 90 ◦C 

Oil temperature 90 ◦C 

Injection pressure 6 bar 

Injection timing −330 ◦aTDC 

Injection duration 6500 μs 

Excess air ratio ( λ) 1 

Table 2 

High-speed imaging specifications. 

Description Specifications 

Camera type SA-4, Photron 

Frame rate 72,000 fps 

Shutter speed 1/118, 000 

Resolution 384 × 384 

Exposure time 12 μs 

Recorded images 600/cycle 

Camera triggering time same with sparking time 
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park plugs (ER8EH, NGK) and four pressure sensors (GH15DK, 

VL) circumferentially, allowing spark ignition and pressure mea- 

urement from different sides of the cylinder. As multiple spark 

lug strategy may result in more concentrated directions of in- 

ylinder pressure oscillations and lower knock intensity due to a 

aster flame propagation mode [26,27] , a spark plug located be- 

ween the intake and exhaust valves was solely utilized to initiate 

he engine knock. The top pressure sensor installed on the engine 

ead was used to monitor the cylinder pressure. More details of 

he engine setup can be found in Ref. [10] . 

The injection timing, the injection duration, and the spark tim- 

ng (ST) were controlled by the IAV FI2RE commander software. 

he current signals of the injector and ignition coil were moni- 

ored by the IndiCom module (IndiCom 2.4, AVL). The intake pres- 

ure was directly controlled by an air flow meter, which was moni- 

ored by the AVL PUMA system. A stoichiometric PRF80/air mixture 

as used to facilitate the knock development. PRF80 is a blend of 

rimary reference fuels, i.e., 80% iso -octane and 20% n -heptane by 

olume. 

.2. High-speed natural flame luminosity (NFL) imaging 

As schematically shown in Fig. 1 , an elongated piston was at- 

ached to the flat quartz piston crown (Suprasil 2 Grade B), which 

as surrounded by a metal shell for protection, leaving a viewing 

indow with a diameter of 70 mm. With a UV mirror placed be- 

ow, most of the combustion chamber was captured from the side. 

 vacuum pump was installed to inhale the air from the engine 

rankcase, preventing the oil splash during the engine operation 

nd keeping the mirror clean. 

Table 2 lists the specifications of a high-speed camera, FAST- 

AM SA4 Photron, which was used to record the combustion pro- 

esses in the cylinder. A 50 mm, f/1.4 BK7-glass lens was used 

or the camera. The synchronization between the engine and cam- 

ra was achieved by sending out the TTL triggering signals from 

he Indicom system. Under each tested condition, the first 200 

ontinuous-firing cycles were used to warm up the engine reach- 

ng the steady states, and the data from the next 200 consecutive- 

ring cycles were recorded. The frame rate was set at 72,0 0 0 

rames per second (fps), with an exposure time of 12 μs at an en-
3 
ine speed of 1200 rpm. The pixel resolution of the camera was 

92 × 192. 600 images were collected in each cycle, starting from 

he spark timing. The first 50 images of each cycle were averaged 

or image processing to compute the background noise, and fol- 

owed by denoising the flame images. Next, the flame intensities 

f these images were amplified to show the combustion processes. 

. Modeling approach 

As mentioned earlier, the ξ − ε regime diagram is a potential 

atrix to predict knock intensity in IC engines [2,19] . However, the 

tochastic nature of super-knock development processes makes the 

rediction of their knock intensity levels uncertain [5–7,14,22,23] , 

specially when the criteria are evaluated solely based on the 

nitial condition of the bulk unburned mixture. In a real IC engine 

nder highly-boosted conditions, the initial state of the mixture 

as already undergone significant changes of ongoing reactions 

esulting in radical build-up and heat release, and a noticeable 

emperature and pressure rise that altogether facilitate the end-gas 

utoignition and subsequent detonation development [6,7,28–30] . 

n accurate determination of the instantaneous state of the 

ighly-reactive unburned mixture at knock onset under transient 

onditions can improve the prediction of knock intensity. Previous 

tudies [5–7,16] found that embedding the non-ideal temporal 

volution of pressure and temperature rise in evaluating the 

ensitivity of the ignition delay time with respect to temperature 

ariation results in a better prediction of ignition modes in shock 

ubes and compression ignition engines. Inspired by that idea, 

his study employed a zero-dimensional (0-D) ignition model to 

stimate the transient states of the unburned end-gas mixture and 

ssociated quantities which are needed to compute the transient 

t and ε t parameters. 

.1. Zero-dimensional ignition model under SI-engine conditions 

The main framework of the 0-D model in this study is that the 

emporal evolution of the experimental fired pressure, P f ire , and 

he peak hot-spot temperature, T hs , are imposed into the model 

uch that the resulting ignition process of the fuel/air mixture can 

ealistically replicate the autoignition process of the end-gas in 

he optical combustion chamber. Due to evaporative fuel cooling, 

all heat loss, and incomplete mixing, the temperature field in the 

ombustion chamber is naturally developed and thus inherently in- 

omogeneous. Regardless of the random distribution of many hot 

pots in the form of eddies, the inhomogeneous temperature field 

an be decomposed into many dissipation elements such that the 

haracteristic length scale of these hot spots can be determined 

7,31] . The temperature variation of these hot spots under engine 

onditions is as large as 100 K [2,19,29,31–40] as experimentally 

easured by Dec et al. [41] . The compression heating from the 

urned gas also induces an additional increase in the temperature 

nd pressure of the unburned end-gas mixture. 

To account for these effects, the peak temperature of hot spots, 

 hs , in the combustion chamber is evaluated using the adiabatic 

ompression assumption as follows: 

 (T /P ) γ = constant (1) 

 hs / (T start + �T ) = (P f ire /P start ) 
(1 −1 /γ ) (2) 

here γ of 1.31 is chosen for all the cycles as in Ref. [31] . T hs is es-

imated with the comparison of the fired pressure and temperature 

t t start , namely P start and T start . Specifically, T hs at t start is assumed

o be higher than the fired averaged temperature in the combus- 

ion chamber by a magnitude, �T , of 80 K, as adopted in previous

tudies [2,19,31] . By imposing the fired pressure, P f ire , T hs at follow- 

ng crank angles is computed. 
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Fig. 2. Definition of the parameters used in the zero-dimensional (0-D) 

homogeneous-ignition model. t start of −100 CAD aTDC and t stop of 20 bar pressure 

increase from the spark timing are identified as the times to start and stop impos- 

ing the fired temperature and pressure into the 0-D model, respectively. 
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Fig. 3. Comparison between the predicted τig , 0D of the 0-D model and τig , exp of 

experiments. 
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As schematically shown in Fig. 2 , from t start to t stop , the fired

ressure trace (blue solid line) and peak hot-spot temperature 

black dash line) are imposed into the 0-D model, and afterwards 

he temperature and pressure rise of the 0-D model are driven 

olely by the thermochemical state of the system and by the mo- 

ored compression and expansion induced by the reciprocating pis- 

on motion. The chemical kinetic mechanism developed by Liu 

t al. [42] is used to reproduce the homogeneous 0-D ignition de- 

ay time, τig, 0 D , of the PRF80/air mixture under IC-engine condi- 

ions. The corresponding sensitivity of τig, 0 D to temperature varia- 

ion, ∂ τig, 0 D /∂ T , and the excitation time, τe , under realistic knock- 

ng conditions in SI engines are obtained simultaneously. Note 

hat all 0-D simulations are started at t start of -100 CAD aTDC 

rom which the temporal pressure and temperature changes due to 

oth reciprocating piston movement and kinetically released heat 

s fully emulated by the 0-D model [6,7,29] . As shown in Fig. 2 ,

 stop denotes the time instance at the onset of the main combus- 

ion process – the time at which the pressure increase approxi- 

ately �P ≈ 20 bar as compared with the pressure at the spark 

iming. Note that �P ≈ 20 bar is chosen to ensure the accuracy 

f the proposed model in predicting the ignition delay time and 

o acquire the thermodynamic state of the transient mixture at the 

nset of the end-gas autoignition. 

To validate the accuracy of the proposed 0-D model, the mod- 

lled ignition delay time, τig , 0D , is compared with the experimen- 

al results, τig , exp . Note that the time interval between t start and 

he time at which the modelled/measured temperature reaches its 

eak value is defined as the ignition delay time herein. A good 

greement between τig , 0D and τig , exp is obtained as readily seen 

n Fig. 3 , verifying the fidelity of the 0-D model. 

.2. Computation of the transient ξt and ε t numbers 

Consistent with the original definition of the ξ − ε numbers by 

radley and Gu [17,18] , the transient ξt and ε t numbers are defined 

s 

t = 

a t 

S sp 
= a t / 

∣
∣∇τig 

∣
∣
−1 = a t 

∂τig, 0 D 

∂T 

∂T 

∂x 
(3) 

 t = ( r hs / a t ) /τe (4) 

here ξt is defined as the ratio of transient sound speed, a t , to the

peed of the spontaneous ignition front, S sp , which is determined 

y the spatial gradient of τig , 0D . ε t is defined as the ratio of the res-

dence time, r hs / a t , of the acoustic wave within the hot spot with a

adius, r hs , to the excitation time, τe , in which most of the chemi-

al energy is released. τe , τig, 0 D , and ∂τig, 0 D / ∂T are computed using 
4 
he 0-D model, and a t is evaluated based on the transient mixture 

hermodynamic state at t stop . 

r hs and ∂ T /∂ x are the length scale and the temperature gra- 

ient, respectively, of the hot spots, that represent the properties 

f the bulk mixture at the knock onset. Under the SI engine con- 

itions in this study, r hs is approximately 2 mm, which is half 

f the integral length scale [5,43–45] , while ∂ T /∂ x of 2 K/mm is

et as in the previous studies [2,19,46–48] . These two parame- 

ers were found to vary slightly with different engine conditions 

2,19,31,46] , and therefore are kept constant for all the engine cy- 

les. Note that, although the choice of r hs , and ∂ T /∂ x could quanti-

atively affect the absolute threshold values of ξt and ε t , the over- 

ll trends and main conclusion remain the same in the following 

iscussion. 

.3. Computation of the predictive ε p number 

In the ξ − ε regime diagram [17,18] , a typical C-shaped deto- 

ation peninsula is bounded by the upper and lower ξ limits, ξu,l 

1 − O(10) , and the left boundary of ε, ε > ε m 

. However, there is

o well-defined threshold value of ε m 

, i.e., ε m 

was found to vary 

ase by case being system-dependent. By recognizing this limita- 

ion, Luong and Im [7] developed a predictive ε p number that can 

ffectively identify the leftmost boundary of the C-shaped detona- 

ion peninsula: 

 p = r hs / (l m 

/α) (5) 

here l m 

is the minimum run-up distance of direct detonation 

nitiation by an autoignitive hot spot [6] ; α is a weighting fac- 

or that accounts for the multi-dimensional effect of the interac- 

ion and collision of multiple ignition fronts in the highly-reactive 

ransient mixture conditions. As quantitatively observed in re- 

ent multi-dimensional direct numerical simulation (DNS) studies 

4–7] , the interaction and collision of the multiple ignition kernels 

romote the onset of localized detonation development, shortening 

he run-up distance requirement for detonation by approximately a 

actor ( α) of 4. Note that a similar definition of ε p was introduced

n Ref. [25] , but the transient instantaneous state of the reactant 

ixture and the α factor were not considered in that study. 

The magnitude of l m 

is determined through its strong linear 

orrelation with the exothermic characteristic length scale, l exo . 

he correlation between l m 

and l exo found in the previous one- 

imensional simulations [6] was validated for fuels with and with- 

ut negative temperature coefficient (NTC) behavior over a wide 

ange of constant-volume and IC-engine conditions. The exother- 

ic characteristic length scale is defined as l exo = a t τexo where a t 
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Fig. 4. Pressure traces of 70 representative knocking cycles (gray color) at P in = 1.2 bar and ST = −20 CAD aTDC: (a) slight knock and normal knock, (b) heavy knock and 

super-knock. 
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s the transient sound speed, and τexo is the exothermic time scale. 

he transient mixture state at the knock onset extracted from the 

-D model is taken as the initial condition to the ideal Zeldovich, 

oering, and von Neumann (ZND) detonation model to compute 

exo . τexo is defined as the time interval between the time that HRR 

rst increases to 50% of its peak HRR and the time HRR first de- 

reases to 50% of its peak HRR. 

The significance of ε p is that no detonation is expected for 

 p � 1 regardless of the magnitude of ξt due mainly to a too small 

ot-spot size and/or a too slow/fast chemical time scale that do 

ot promote the mutual coupling between the pressure wave and 

RR for detonation initiation. As ε p approaches unity, the transient 

ixture state shifts towards the boundary of the detonation penin- 

ula, and the developing detonation is expected, resulting in strong 

ressure oscillations and high-pressure spikes. For ε p � 1 , fully de- 

eloped detonation is expected to occur for ξt ∼ O (1) to O (10) . 

 direct comparison between the ε t and ε p on the prediction of 

nock intensity will be examined in the next section. 

. Results and discussion 

.1. Overall combustion characteristics 

We conducted experiments under various engine operating 

onditions of varied intake pressure and sparking timing, and col- 

ected a total number of 619 cycles exhibiting different levels of 

nocking intensity to analyze their combustion characteristics. As 

 representative example, the pressure traces of 70 knocking cycles 

t boosted intake pressure of 1.2 bar and advance sparking timing 

f −20 ◦CA are shown in Fig. 4 . Among these 70 knocking cycles, 

ight typical cycles exhibiting distinct levels of knock intensity are 

hosen for further analysis of the maximum amplitude of pressure 

scillation (MAPO). 

These eight sampling cycles are representative of four differ- 

nt knocking levels, ranging from slight knock to super-knock. 

articularly, the knocking-intensity level gradually increases from 

light knock (cycles 12 and 22), to normal knock (cycles 25 and 

4), heavy knock (cycles 46 and 51), and super-knock (cycles 53 

nd 57). As readily seen in Fig. 4 (b), the cycle 53 in blue ex-

ibits the most severe pressure oscillations as depicted by MAPO 

f 39.86 bar, and the highest peak pressure of 108.2 bar. The knock 

nset of the cycle 53 occurs at −1 . 5 ◦CA aTDC, which is closest to

he TDC as compared to other knocking cycles. Under such a fa- 

orable condition of the highest temperature and pressure, and a 

arge amount of the remaining highly-reactive unburned mixture 
5 
t the knock onset, the end-gas autoignition process of this cycle 

s more prone to detonation development than other cycles. 

.2. Optical diagnostics on knocking combustion processes of the 

ampled cycles 

To reveal the end-gas autoignition process, the high-speed 

maging of these knocking cycles is analyzed. Figs. 5 and 6 show 

he evolution of flame propagation and end-gas autoignition pro- 

ess for the sampled cycles. To visualize the knocking combustion 

rocesses of these cycles exhibiting different knock strength lev- 

ls and peak pressure, a series of amplification factors of flame in- 

ensity (listed in the lower right corner) were applied. Note that 

ue to the constraints on the knock intensity limit of the optical 

ngine, strong detonation cases were not conducted in this study. 

owever, several DDT cycles are still observed, i.e., in cycles 53 and 

7 in Fig. 6 . Several points are made from these figures. 

For the mild knock intensity cycles (cycles 12, 22, 25 and 34 in 

ig. 4 ), their end-gas autoignition process are difficult to detect by 

he integrated signal. Taking cycle 25 in Fig. 5 as an example for 

ormal knock, the initial autoignition area is visualized at 10 CAD 

TDC, and the spark-initiated flame consumes nearly half of the 

ir/fuel mixture. Two emerging autoignition kernels are observed 

t 10.4 and 11 CAD aTDC. Due to the low UMF of this cycle, the

ame intensity fluctuations resulting from knock are nearly homo- 

eneous, confirming a mild knock intensity level. 

Unlike the mild knock cases, the autoignition of the heavy 

nock cases can be readily detected at earlier time. Particularly, the 

rst autoignition kernel in cycle 51 (see Fig. 6 ) emerges at 5.1 CAD 

TDC. Multiple autoignition spots then emanate in a very short pe- 

iod of time that further aggravates the knock strength. 

For the DDT process of the cycle 53, its autoignition initiates ap- 

roximately at -1.5 CAD aTDC. At 5.5 CAD aTDC, many noticeable 

uto-ignited kernels emerge in the combustion chamber, quickly 

onsuming a large amount of UMF and resulting in a short igni- 

ion delay time in this cycle. At 6.1 CAD aTDC, a large cylinder 

rea is dominated by the autoignition, facilitating the DDT pro- 

ess in the end-gas. The shock wave emerges from the right side 

f the cylinder at 6.2 CAD aTDC, and it propagates rapidly towards 

he opposite side as marked by the red arrows. At 6.3 CAD aTDC, 

he speed of the developing detonation front reaching the cylinder 

enter is approximately 1440 m/s, which is much higher than the 

ocal sound speed. As the detonation wave front reaches the end- 

all, its propagation speed accelerates quickly from 1440 m/s to 

060 m/s. This value is approximately 1.5 times higher than the CJ 

elocity, implying that the DDT is likely to occur in this cycle. It is 
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Fig. 5. Knocking combustion processes in sampling cycles: normal knock (cycles 12 

and 22) and mild knock (cycles 25 and 34) at P in = 1.2 bar and ST = −20 CAD aTDC. 

The corresponding crank angle of each image is marked in the upper-right corner in 

each image. The white dashed circles mark the emerged autoignition kernels during 

the knocking combustion processes. The yellow arrows in the first two images of 

each cycle indicate the swirl direction. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 6. Knocking combustion processes in sampling cycles: heavy knock (cycles 46 

and 51) and super knock (cycles 53 and 57) at P in = 1.2 bar and ST = −20 CAD aTDC. 

The corresponding crank angle of each image is marked in the upper-right corner in 

each image. The white dashed circles mark the emerged autoignition kernels during 

the knocking combustion processes. The shock waves and their spreading directions 

are marked with white curves and red arrows, respectively. The yellow arrows in 

the first two images of each cycle indicate the swirl direction. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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lso seen that the UMF area is largely consumed by the DDT pro- 

ess, i.e., constituting nearly half of the entire combustion cham- 

er. The detonation waves reflecting back and forth consuming the 

emaining UMF lead to violent pressure oscillations in the combus- 

ion chamber. 

.3. Identification of the probability of knocking regions in the 

ombustion chamber 

All the recorded images are processed to quantitatively deter- 

ine the remaining UMF prior to the end-gas autoignition, and to 

tatistically identify the regions in the combustion chamber that 

re prone to the end-gas autoignition. Note that there may be a 

eneral tendency that a higher level of UMF would increase the re- 

ctivity of the hot spots in the end gas region; however, the UMF 

s not directly related to the generation of temperature field (hot 
6 
pots). The hot spots are inherently present in the end gas bulk 

ixture. For example, the temperature fluctuation, T ′ , measured at 

he top dead center (TDC) in an SI engine is approximately 10 K 

49] . Even in an HCCI engine, T ′ of up to 13.3 K was observed at

DC [50] . These temperature fluctuations are randomly distributed 

y turbulent eddies, and the corresponding length scale and gradi- 

nt level can be statistically determined as an averaged quantity of 

he bulk mixture [7] . 

The extracted UMF distribution of the sampled cycles are 

hown in Fig. 7 . Different curves are used in Fig. 7 (a) to discern

he cylinder wall (black), and autoignition boundaries of cycle 25 

blue), cycle 51 (pink) and cycle 53 (red). In particular, the cyan 
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Fig. 7. Statistical results of (a) autoignition and detonation areas of the sampled cycles, and (b) the probability of the end-gas autoignition distribution. 
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Fig. 8. The correlation between UMF and MAPO. 

Fig. 9. The correlation between UMF and the normalized peak pressure, P max / P ign . 

The correlation curve in black is approximated by a function fitting, y = 1 . 134 + 

0 . 034 e 0 . 047 x . 
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urve denotes the boundary of initial developing detonation area in 

ycle 53. Although the initial autoignition spot is unpredictable due 

o the knock randomness and cycle-to-cycle variations, most of the 

utoignition kernels originate from the lower part of the cylinder 

rea while the flame initiated at the Side 2 propagates clockwise 

ue to the swirl effect (see Figs. 5 and 6 ). 

As extracted from Fig. 7 (a), less than 30% of the cylinder area 

s covered by autoignition in cycle 25 while it takes up more 

han 60% of the entire cylinder area in cycle 51. In the cycle 53, 

he autoignition initiates at a much earlier time, hence an ap- 

roximate 90% UMF still remains. As a result, multiple ignition 

ernels occur simultaneously throughout the combustion chamber 

see Fig. 6 at 4.5–5.5 CAD aTDC), causing a steep pressure rise and 

igh-frequency fluctuations. As seen in Fig. 6 , the spontaneous ig- 

ition fronts occur at multiple locations, generating a rapid heat 

elease, and thus making the in-cylinder pressure rise considerably, 

.e., the peak pressure of the cycle 53 exceeds 100 bar. The under- 

ying mechanism of super-knock development in the cycle 53 is 

he coherent coupling between the volumetric heat release of the 

nburned mixture reactions and pressure waves that reinforces the 

evelopment of the initial shock waves in the end-gas region (cyan 

urve in Fig. 7 (a)), and hence promotes detonation development. 

The probability of the end-gas autoignition for all the knock- 

ng cycles is statistically computed and shown in Fig. 7 (b). To ob- 

ain the probability, the flame boundaries for all knocking cycles 

re first identified and located employing synchronized high-speed 

maging. Subsequently, the end-gas regions are split from the main 

ame, and the distribution probability of end-gas autoignition in 

he combustion chamber is calculated by averaging all cycle data. 

ore details can be found in our previous work [10] . The result re-

eals that the end-gas zone is mostly distributed in the lower part 

lose to Side 3, taking up approximately one third of the entire 

ylinder area. This is attributed to the clock-wise flame propaga- 

ion in the cylinder. In addition, the fuel/air mixture in the upper 

art, lying between Side 2, Side 1, and Side 4, is mostly consumed 

y the flame initiated by the spark ignition as depicted by a low 

robability of the end-gas autoignition in this region. In contrast, 

he area with high probability of the end-gas autoignition distribu- 

ion, i.e., probability > 0 . 6 , is highlighted and can be seen near the

all lying between Side 4, Side 3, and Side 2. 

The results suggest that higher UMF remains at the knock onset 

ends to enhance the knock intensity. The relationship between the 

MF at knock onset and knock intensity is analyzed in the next 

ection. 

.4. Relationship between the unburned mixture and knock intensity 

Unlike the correlation between UMF and a dimension parame- 

er MAPO which has been widely adopted in many previous stud- 
7 
es, in this study, we propose the correlation between UMF and the 

ormalized peak pressure, P max /P ign where P max and P ign denote the 

aximum (peak) cylinder pressure, and the pressure at the knock 

nset, respectively. The significance of P max /P ign is that the transient 

hermodynamic state of the unburned mixture is simultaneously 

onsidered in the relationship between the unburned mixture and 

nock intensity. For a direct comparison between these two corre- 

ations, Figs. 8 and 9 show the MAPO and normalized peak pres- 

ure, P max /P ign , respectively, as a function of UMF for all the knock- 

ng cycles. Note that a method that relies on a band-pass filtered 
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Fig. 10. MAPO of all the 619 engine cycles in (a) the ξt − ε t regime diagram, and in (b) the ξt − ε p regime diagram. 
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ressure with a pressure threshold of 0.1 bar is used to determine 

he knock onset [26] . This method was validated by a large dataset 

btained from the synchronized high-speed imaging. More details 

f this method can be found in Ref. [10] . 

As seen in Figs. 8 and 9 , in general, both MAPO and normal-

zed peak pressure increase proportionally with increasing UMF, 

ndicating that the cycle with a higher proportion of unburned 

uel/air mixture at the knock onset has a higher propensity to ex- 

erience a stronger knock intensity level. Unlike a widely-scattered 

eak correlation between UMF and MAPO shown in Fig. 8 mak- 

ng the MAPO-based knock intensity level vary considerably at the 

ame UMF, Fig. 9 shows a strong correlation between the normal- 

zed peak pressure and UMF. This strong correlation is attributed 

o the full consideration of the transient mixture state at the on- 

et of end-gas autoignition in the normalized peak pressure. With 

he normalization of P ign , the effects of variations in initial thermo- 

ynamic conditions at end-gas autoignition due to the stochastic 

ature of knock occurrence are reduced, leading to a more consis- 

ent representation of the knock intensity level for a given UMF. 

oreover, this good correlation can be approximated by a function 

tting, y = 1 . 134 + 0 . 034e 0 . 047 x with the R-squared value is 0.935.

iven UMF and the pressure at the knock onset, this exponential 

unction can be used to determine a priori the peak pressure. 

In this study, the effect of the swirl variation on the hot spot 

eneration and the knock intensity is not studied. It was reported 

hat proper design and tuning of moderate swirl result in a more 

niform distribution of temperature, reducing the likelihood of lo- 

alized hot spots and mitigating knock [51] . In contrast, excessive 

wirl may spread the temperature nonuniformity to a broader area, 

eading to n enhancement of detonation run-up distance, thus pro- 

oting the knock propensity [40,52] . 

.5. Identification of knock intensity levels in the detonation regime 

iagram 

In this section, with the help of the 0-D model, all 619 engine 

ycles are mapped into the detonation regime diagram to identify 

he developing detonation regime, and also to verify the accuracy 

f the predictive criteria. Note that, as UMF alone is insufficient to 

escribe the end-gas state, the 0-D model incorporates the infor- 

ation of the temporal evolution of the end gas mixture, includ- 

ng the hot spot size and its gradient level, into the predictive cri- 

eria. A direct side-by-side comparison between ε t and ε p criteria 

lotted in the ξt − ε t regime diagram and the ξt − ε p regime dia- 

ram is shown in Figs. 10 and 11 , where data points are colored by

APO and the normalized peak pressure, P max /P ign , respectively, to 

dentify the developing detonation regime [13,26,53] . Three main 

oints are made from these figures. 
8 
First, both ξt − ε t and ξt − ε p diagrams can identify the overall 

rajectory of developing knock intensity levels of consecutive cy- 

les. Consistent with the overall trend of MAPO in the detonation 

egime diagram, P max /P ign monotonically increases with decreasing 

t and increasing ε t or ε p . In particular, knock intensity shifts from 

eak knock (cycles 12 to cycles 25), to heavy knock (cycles 34 to 

ycles 51), and super-knock (cycles 53 and 57). 

Second, as shown in Fig. 10 , the cycles with high magnitudes of 

APO are well captured in the region of ξt ∼ O(1) . In the vicinity 

f the detonation peninsula, the amplitude of the pressure oscil- 

ations characterized by MAPO increases significantly due to the 

einforced coupling between the pressure wave and rapid chemi- 

al energy release. The transient ξt ∼ O(1) found in this study for 

any high-knocking intensity cycles is consistent with the obser- 

ation from Dai et al. [22] , who computed the averaged ξ of the 

ransient evolution of the hot spots, and found that the C-shaped 

etonation peninsula is bounded by the upper and lower ξ limits, 

u,l ∼ 0 . 5 − 2 . 5 , regardless of the initial conditions. 

In contrast to MAPO, the cycles with high values of P max /P ign in 

ig. 11 are scattered over a wider range of ξt , making it difficult in

istinguishing the developing detonation regime. The strong corre- 

ation between P max /P ign and UMF shown in Fig. 9 along with the 

esult in Fig. 11 verify that UMF and P max /P ign are not an effective

etric to characterize the amplitude of the pressure oscillations. 

owever, the strong correlation between P max /P ign and UMF does 

nable an a priori prediction of P max which is a critical parame- 

er informing the possibility of the engine failure if P max exceeds a 

ertain threshold. 

Third, the threshold value, ε p of 1, is demonstrated to effectively 

dentify the leftmost boundary of the C-shaped detonation penin- 

ula while there is no a well-defined threshold value ε t to deter- 

ine this boundary in the ξt − ε t diagram. In addition, the cycles 

xhibiting a comparable MAPO have a nearly-identical ε p value 

hile their corresponding ε t is more widely distributed. As shown 

n Fig. 10 (b), the super-knock cycles are consistently predicted by 

he ε p number, ε p ∼ O (1) , indicating that all the super-knock cases 

ocated in the vicinity of the boundary of the developing detona- 

ion regime. In other words, as the magnitude of ε p of these super- 

nock cycles approaches unity, shifting them towards the boundary 

f the detonation peninsula, and thus the developing detonation is 

ikely to occur. As a result, these cycles experience strong pressure 

scillations and high-pressure spikes, but no strong direct detona- 

ion initiation is expected as confirmed by their P max that is much 

ower than the detonation pressure spike, P max � P V N . Note that no 

trong detonation cases were conducted in the optical engine due 

o the limit of its structure strength, confirming that the computed 

 p values are completely consistent with the knock intensity levels 

easured in the experiments. 
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Fig. 11. The normalized peak pressure of all the 619 engine cycles in (a) the ξt − ε t regime diagram, and in (b) the ξt − ε p regime diagram. 
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As a final remark, the prediction of the model proposed in this 

tudy is not entirely predictive since it relies on the temporal evo- 

ution of the fired pressure trace. However, the experimental re- 

ults in this study reveal that the engine cycles are more likely 

o undergo many mild knocking cycles prior to transiting into a 

ore severe knocking cycle. As a result, the trajectory history of 

uper-knock evolution can be well captured by the ξt − ε p regime 

iagram, shifting from the mild knock regime into the developing 

etonation regime. Thanks to the good correlation with knock in- 

ensity levels measured by MAPO, if sequential cycles that exhibit 

eveloping knock-intensity levels are well-predicted by the ξt − ε p 
arameters, the engine control unit (ECU) can take necessary ac- 

ions to suppress the potential development of super-knock cycles. 

. Conclusions 

In this work, optical diagnostics were implemented to investi- 

ate the knock phenomena of a PRF80-fueled SI engine under var- 

ous spark timing and intake pressure conditions. The combustion 

rocesses of various knocking cycles were recorded using a 72 kHz 

igh-speed imaging system. The knock intensities characterized by 

ither the maximum amplitude of pressure oscillation (MAPO) or 

he peak in-cylinder pressure, P max , were correlated with the de- 

ected unburned mixture fraction (UMF). A 0-D model was also 

eveloped to extract the transient thermo-chemical state of the 

n-cylinder mixture prior to the combustion onset which allows a 

etter prediction of combustion modes and knock intensity levels 

n the SI engine. Some key conclusions in this study are listed as 

ollows: 

(1) Typical deflagration-to-detonation transition (DDT) cycles 

were visualized at boost and advanced spark timing condi- 

tions. These cycles had earlier knock onsets with UMFs close 

to 90%, making the end-gas autoignition process of the bulk 

gas in these cycles most severe, and thereby resulting in 

the largest MAPO and the maximum peak pressure. Destruc- 

tive shock waves reflecting back and forth to the combustion 

chamber wall were observed in the end-gas. Their propaga- 

tion speeds is comparable with the CJ speed. 

(2) The relationship between the UMF at knock onset and knock 

intensity was also examined. In particular, UMF was found 

to be weakly correlated with MAPO, as UMF alone is in- 

herently insufficient to represent the stochastic nature of 

knock occurrence. In contrast, a strong correlation between 

UMF and the normalized pressure, P max /P ign , was found, 

which is primarily because the detailed information on the 

spatial-temporal non-uniformity and reactivity of the tran- 

sient thermo-chemical states of the highly-reactive end-gas 

bulk mixtures at the autoignition occurrence is fully consid- 
9 
ered. The good correlation between P max /P ign and UMF al- 

lows an a priori prediction of the peak in-cylinder pressure. 

(3) By incorporating the fired temperature and pressure traces 

into a 0-D model, the transient thermo-chemical states of the 

end-gas prior to the main combustion were obtained, lead- 

ing to a more accurate determination of the ξt , ε t , and ε p 
parameters for knock intensity predictions. Both the ξt − ε t 
and ξt − ε p diagram can reliably predict the knock inten- 

sity, particularly that represented by MAPO, and the results 

showed a consistent agreement with the experimental data. 
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