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A B S T R A C T

This study sought to elucidate the mechanism governing PRE-mixed mixture ignition in end-gas region (PRE
MIER) combustion in a dual-fuel hydrogen engine. Both knocking and PREMIER combustion are induced by end- 
gas auto-ignition, but differ in terms of the subsequent development of pressure waves. Knocking is accompanied 
by strong waves, whereas PREMIER combustion is characterized by the absence of, or very few, such waves. End- 
gas auto-ignition of hydrogen–air mixtures was visualized while in-cylinder pressure was measured using an 
optical compression and expansion machine. The visualization data indicate that KI increased as the spread 
velocity of the end-gas auto-ignition front rose. That velocity remained below 100 m/s during PREMIER com
bustion, but attained approximately 400 m/s in severe knocking cycles. The theory proposed by Bradley was 
used to evaluate the experimental results, and two dimensionless parameters, ξ and ε, were estimated. The ξ-ε 
diagram showed a distinct transition from PREMIER combustion to knocking. (150 words).

1. Introduction

The high-efficiency operation of hydrogen-fueled internal combus
tion engines has attracted considerable attention as a means of miti
gating global warming. As hydrogen contains no carbon, combustion 
produces no CO2, a major greenhouse gas. Furthermore, hydrogen can 
be produced via water electrolysis using electricity generated from 
renewable energy sources [1]. Therefore, use of hydrogen as fuel may 
enable efficient energization of an entire system with minimal envi
ronmental impact. When hydrogen powers an internal combustion en
gine, an external ignition source is generally required because hydrogen 
exhibits a higher auto-ignition temperature than those of compressed 
natural gas and gasoline, rendering compression ignition difficult under 
typical operating conditions [2]. Various platforms have been developed 
to achieve efficient hydrogen combustion, including spark-ignited 
direct-injection, pre-chamber spark-ignited, spark-ignited rotary [3,4] 
and diesel-ignited dual-fuel engines. This study focused on dual-fuel 
engines because dual-fuel combustion has emerged as a promising 
approach for effective heavy-duty and marine applications. When 
gaseous and pilot fuels are combined in such engines, both stable igni
tion and compliance with stringent emission regulations are possible 
[5]. Previous studies demonstrated that hydrogen-fueled dual-fuel 

operation could achieve a brake thermal efficiency comparable to that of 
conventional diesel engines operating under certain conditions [6–9]. 
Furthermore, from a practical perspective, a dual-fuel combustion sys
tem can be implemented in existing diesel engines with relatively minor 
modifications. It can also be operated using only diesel fuel depending 
on the situation [10]. For these reasons, the dual-fuel engine is consid
ered a promising platform for the hydrogen utilization and was therefore 
selected as the subject of the present study. The carbon-free nature of 
hydrogen aside, the gas exhibits unique physicochemical properties, 
including a wide flammability range and a high burning velocity that 
enable lean combustion and shorten the combustion duration compared 
to those of conventional fuels [2]. Such characteristics improve engine 
performance. However, the distinct characteristics of hydrogen are 
associated with abnormal combustion phenomena, including 
pre-ignition, backfire, and knocking. In particular, the latter remains a 
major challenge when designing hydrogen engines with high compres
sion ratios or that operate under high loads [5].

Knocking is caused by end-gas auto-ignition at a hot spot where the 
local temperature or radical concentration is higher than that of the 
surrounding mixture. The end-gas is compressed by both piston motion 
and flame propagation, triggering auto-ignition onset. The associated, 
rapid energy release generates pressure waves in the combustion 
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chamber, associated with pressure oscillations, audible noise, and 
(possibly) serious engine damage [11]. As knocking constrains both the 
engine operating conditions and the compression ratios, a thorough 
understanding of knocking is essential. To this end, experiments using 
optically accessible engines [12–21] and numerical simulations [22–24] 
have offered crucial insights into knocking phenomena. In addition to 
studies on conventional knocking, hydrogen knocking has attracted 
considerable research attention in recent years because hydrogen pos
sesses unique characteristics, such as a low minimum ignition energy 
and a high burning velocity, which results in combustion behaviors that 
differ from those of conventional fuels [25–32]. Szwaja et al. investi
gated hydrogen knocking in a CFR (Cooperative Fuels Research) engine 
by varying the compression ratio from 4.5 to 17.5 [25]. They identified 
two knocking modes: light knocking and heavy knocking. Light knock
ing occurred at compression ratios below 11 and was attributed to 
hydrogen combustion instabilities initiated by spark discharge in the 
absence of auto-ignition inside the end-gas. In contrast, heavy knocking 
occurred at higher compression ratios due to end-gas auto-ignition. They 
also reported that the intensity of the pressure oscillations is generally 
associated with the mass of hydrogen consumed by end-gas auto-
ignition. Manzoor et al. numerically investigated four combustion 
modes in a hydrogen spark-ignited engine: normal combustion, knock
ing, super knocking, and fast flame propagation, corresponding to those 
observed in CFR engine experiments [26]. They found that the fast flame 
propagation mode generated pressure oscillations in the absence of 
end-gas auto-ignition, and a transition from fast flame propagation to 
detonation was also observed. They further reported that the different 
combustion modes could be effectively characterized by the relationship 
between the flame time scale, which is related to the combustion 
duration, and the ignition delay of the end-gas. Wang et al. studied the 
end-gas auto-ignition boundaries for hydrogen knocking in a 
constant-volume vessel [27]. They observed a transition from the 
non-auto-ignition zone to the critical transition zone and finally to the 
auto-ignition zone as the pressure and the equivalence ratio increased. 
They reported that, within the critical zone, the time scales of end-gas 
auto-ignition chemistry and spark-ignited flame propagation were 
approximately the same, resulting in a competitive equilibrium for the 
occurrence of auto-ignition. They concluded that even slight turbulence 
or mixture inhomogeneities could disrupt this equilibrium, thereby 
triggering auto-ignition. Li et al. numerically investigated the knocking 
formation mechanism in a hydrogen direct-injection engine [28]. They 
demonstrated that pressure-wave-induced compression of the unburned 
gas promotes low-temperature reactions, accelerating flame propaga
tion and eventually leading to knocking. Other notable studies to 
interpret knocking phenomena include those of Bradley and colleagues, 
based on Zeldovich theory [33–35]. They introduced two dimensionless 
parameters, ξ and ε, during one-dimensional simulations, and presented 
a ξ-ε diagram that showed whether the propagation mode was defla
gration, a developing detonation, or a thermal explosion. Robert et al. 
[36] performed large-eddy simulations using fuels representative of 
those of modern gasoline engines. The developing detonation peninsula 
originally proposed by Bradley et al. [34,35] was reproduced and the 
two dimensionless parameters characterized the propagation modes 
appropriately.

Auto-ignition within end-gas can cause knocking and should be 
avoided during normal operation. However, Konig found that such 
ignition did not necessarily induce knocking, and suggested that levels 
of unburned hydrocarbons could be reduced during such combustion 
[15]. Azimov et al., using a dual-fuel natural gas engine, defined end-gas 
auto-ignition that was not accompanied by pressure oscillations as 
PRE-mixed mixture ignition in the end-gas region (PREMIER) combus
tion [37]. The engine performance and emission characteristics of such 
combustion were examined. Compared to the levels associated with 
conventional combustion, both the mean effective pressure and thermal 
efficiency increased by up to 25%, while carbon monoxide and total 
hydrocarbon emissions decreased but those of NOx rose. They 

concluded that PREMIER combustion ensured efficient engine opera
tion. Imamoto et al. investigated the effects of the CO2 proportion on 
end-gas auto-ignition when considering cyclic variations during opera
tion of a dual-fuel biogas engine [38]. Mesa et al. examined the PRE
MIER combustion characteristics of a dual-fuel hydrogen engine under 
conditions of nitrogen dilution [39]. The operating range of such com
bustion expanded as the dilution ratio increased because it enhanced the 
specific heat capacity of the mixture, thereby slowing reaction rates and 
suppressing formation of the radicals that are essential for auto-ignition. 
Kawahara et al. used high-speed imaging of a CEM fueled with natural 
gas to investigate differences in end-gas auto-ignition behavior between 
PREMIER combustion and knocking [40]. The end-gas auto-ignited area 
increased faster during knocking than in PREMIER combustion. During 
knocking, rapid consumption of unburned gas induced a sudden pres
sure difference between the flame-propagation and end-gas regions that 
was not apparent during PREMIER combustion because the 
auto-ignition flame spread relatively slowly. Nirendra et al. investigated 
how the timing of micro-pilot fuel injection affected end-gas auto-
ignition behavior in a dual-fuel natural gas engine. The PREMIER 
combustion and knocking regimes were clearly distinguishable in the 
methane-air detonation peninsula [41].

As detailed in the summary above, many studies have explored both 
knocking and PREMIER combustion. PREMIER combustion is clearly 
distinct from light knocking proposed by Szwaja et al. [25] in terms of 
the end-gas auto-ignition occurrence. However, the factors responsible 
for the difference between the two combustion regimes, specifically the 
supposedly distinct mechanisms of pressure wave generation and 
development, remain unclear. Bradley's ξ-ε diagram has been used for 
numerical simulations of knocking in hydrogen engines [26,31,34]. 
However, visualization of hydrogen flames is often difficult, and there
fore very few studies have collected data on the end-gas auto-ignition of 
hydrogen–air mixtures under engine-relevant conditions [42]. Even 
fewer studies have experimentally tested the utility of the ξ-ε diagram.

This study visualized the end-gas auto-ignition of hydrogen–air 
mixtures and investigated the mechanisms governing the transition from 
PREMIER combustion to knocking in a dual-fuel hydrogen engine. In an 
optical CEM, nitrogen-diluted hydrogen–air mixtures were used to 
generate both PREMIER combustion and knocking at identical mixture 
compositions. Various KI values were obtained by changing the timing 
of diesel fuel injection. End-gas auto-ignition was directly visualized 
using a highly sensitive color camera operating at 57,600 fps while in- 
cylinder pressure measurements were simultaneously collected. The 
results indicate a weak correlation between the unburned gas temper
ature at the onset of end-gas auto-ignition and KI, which, however, 
tended to increase when an unburned mass fraction was present within 
the PREMIER combustion regime. In the knocking regime, this mass 
fraction did not significantly affect pressure wave amplification. Visu
alization revealed that the spread velocity of the end-gas auto-ignition 
front was the dominant factor governing KI, which increased with the 
spread velocity. The experimental results were complemented by cal
culations using chemical kinetics, and Bradley's theory was then applied 
to investigate differences in auto-ignition behavior between PREMIER 
combustion and knocking. On the ξ-ε diagram, a clear transition from 
PREMIER combustion to knocking was observed. Cycles in which the KI 
value exceeded 0.3 MPa lay within the developing detonation peninsula.

2. Experimental setup

Fig. 1 shows a schematic diagram of the CEM. The bore and stroke 
were 92 and 96 mm respectively, and the compression ratio was 17.3:1. 
The engine was driven by an electric motor and operated at 600 rpm. 
The in-cylinder pressure signal was measured by a pressure transducer 
(6052C, Kistler) and amplified by a charge amplifier (Type 5011, Kis
tler). Table 1 lists the experimental conditions. Given the high 
compression ratio of the CEM and the elevated reactivity of hydrogen, 
knocking was readily induced when using a pure hydrogen–air mixture. 
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Consequently, a control system was required to ensure PREMIER com
bustion. Mesa et al. investigated the effects of nitrogen dilution on the 
operating range of a dual-fuel hydrogen gas engine [39], and found that 
dilution ameliorated the pressure rise by both increasing the specific 
heat capacity of the charge and moderating the mixture reactivity 
associated with PREMIER combustion events over a wider range of 
micro-pilot fuel-injection timings than formerly. In the present study, 
the mixture composition was adjusted using nitrogen dilution. Tests 
revealed that a mixture composition of 0.170H2 + 0.131 O2 + 0.699 N2 
at an equivalence ratio of 0.65 induced both PREMIER combustion and 
knocking, and this combination was therefore selected. The dilution 
ratio was 25%, defined as the molar fraction of the dilution gas in the 
gas–air mixture. Nitrogen dilution increases the specific heat capacity of 
the mixture, thereby lowering the peak combustion temperature. The 
reduced temperature decreases the chemical reactivity of the unburned 
gas, resulting in a lower flame propagation velocity and a longer ignition 
delay. Consequently, under the selected mixture conditions, the end-gas 
reactivity is moderated, allowing variations in the pilot-fuel injection 
timing to modify the pressure and temperature histories of the end gas 
and induce a transition from PREMIER combustion to knocking without 
changing the mixture composition. The mixture was ignited via 
compression ignition of micro-pilot diesel (0.6 mg). As hydrogen was the 
primary fuel, any role of diesel was restricted to ignition assistance; 
therefore, the quantity of diesel was minimized. Diesel was delivered 
directly to the chamber at a pressure of 50 MPa using a 
solenoid-controlled injector connected to a common rail system. The 
injector nozzle with three equally spaced holes was specifically designed 
to ensure a wide end-gas region. The cylinder wall and mixture were 
heated to 403 K and 313 K, respectively.

The CEM was equipped with two visualization windows, one located 
on the piston and one on the cylinder head; these ensured optical access 
to the combustion chamber. A schematic of the in-cylinder configuration 
and visualization regions is shown in Fig. 2. The diameters of the visible 
areas were 22 mm in the top view and 62 mm in the bottom view. A 
mirror at the base of the elongated piston enabled observations from the 
bottom. As hydrogen flames exhibit extremely weak luminescence in the 

visible wavelength range, direct imaging of flame emissions is generally 
difficult using a conventional camera. In this study, a highly sensitive 
high-speed color camera (ACS-3, nac Image Technology) was used to 
image hydrogen flames directly. The camera was equipped with fixed 
focal length lenses with a remarkably low F-number of 0.85 (VS-50085/ 
C, VS Technology). A second high-speed camera (HX-7s, nac Image 
Technology) was employed to enable simultaneous visualization of both 
the top and the bottom, but it was found that this camera lacked the 
sensitivity required to capture the propagating flame of a hydrogen–air 
mixture and it was therefore used only to observe the ignition of diesel 
fuel from the bottom. Representative simultaneous imaging data are 
shown in Fig. 3. Each optical boundary is indicated by white circles. The 
bottom-view visualizations illustrate the characteristics of the near- 
invisible hydrogen flames. Diesel fuel ignition was confirmed, but 
mixture propagation could not be detected. The luminous flame in the 
center of the image is thought to reflect soot formation from the diesel 
fuel. In contrast, in the end-gas region, luminescent hydrogen flames 
were visualized using the ACS-3. Hydrogen flames emit visible light that 
originates from excited H2O, and also faintly exhibit a so-called blue 
continuum [43,44]; these emissions were captured by the ACS-3 cam
era. The corner of the piston was chamfered at the boundary between 
the bottom window and the piston edge; the bright arc is a reflection of 
the flame-derived luminescence. For the cycles in which the end-gas 
behavior was visualized using the ACS-3 camera, the frame rate and 
exposure time were set to 57,600 fps and OPEN, respectively, corre
sponding to a frame interval of 0.0625 ◦ CA. The acquired images were 
stored in 24-bit TIFF format with a resolution of 192× 336 pixels.

Since both PREMIER combustion and knocking are the result of auto- 
ignition in the end-gas region, it was necessary to determine whether 

Fig. 1. Schematic diagram of the experimental apparatus.

Table 1 
Experimental conditions.

Main fuel Hydrogen

Equivalence ratio of hydrogen [− ] 0.65
Pilot fuel Diesel oil
Dilution gas Nitrogen
Dilution ratio [%] 25
Injection timing [deg. ATDC] − 10 ~ − 2
Injection pressure [MPa] 50
Injection mass [mg] 0.6
Number of nozzle holes [− ] 3
Intake temperature [K] 313
Intake pressure [kPa] 115
Wall temperature [K] 403

Fig. 2. In-cylinder schematic diagram and visualization area.

Fig. 3. Simultaneous bottom- and top-view visualization images at the onset of 
end-gas auto-ignition during knocking: (a) bottom-view image and (b) top- 
view image.
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pressure waves were generated inside the cylinder after auto-ignition; in 
other words, whether a cycle corresponded to knocking or PREMIER 
combustion. To classify the combustion regimes, the knocking intensity 
(KI) was calculated. Because high-frequency pressure oscillations are 
characteristic of knocking, KI was calculated from the in-cylinder pres
sure history after application of a 4–20-kHz band-pass filter to remove 
white noise caused by mechanical vibrations. A Fast Fourier Transform 
(FFT) method was applied to the in-cylinder pressure data acquired at a 
sampling frequency of 1 MHz. The desired frequency range was 
extracted in the frequency domain, and the filtered pressure signal was 
reconstructed using an inverse FFT (IFFT). The difference between the 
maximum and minimum values of each filtered pressure history was 
defined as the KI. PREMIER combustion is defined as a cycle in which 
end-gas auto-ignition occurs, while no or only negligible pressure os
cillations characteristic of knocking are observed, posing no risk of en
gine damage. Therefore, to reflect this definition, the maximum KI 
obtained under pilot-fuel-only operation was adopted as the threshold. 
In the present experimental apparatus, the maximum value of KI ob
tained during diesel-only operation was 0.05 MPa. Cycles with KI values 
below this threshold exhibited pressure oscillations comparable to those 
of normal combustion cycles and therefore did not cause engine damage. 
In a previous study [38], the same criterion was adopted to define 
PREMIER combustion in a dual-fuel biogas engine, and the combustion 
regimes were successfully classified based on the combustion charac
teristics. Accordingly, 0.05 MPa was adopted as the threshold to 
distinguish PREMIER combustion from knocking in the present study.

Ignition of diesel fuel initiates mixture combustion; a flame propa
gates through the combustion chamber, compressing the unburned 
mixture and resulting in pressure and temperature increases in the end- 
gas. As the reaction rate generally increases with temperature, the 
elevated temperature promotes auto-ignition of the unburned mixture. 
Hence, the temperature of the unburned gas is a key parameter when 
analyzing end-gas behavior. In this study, this was estimated based on 
the measured in-cylinder pressure. The non-reacting portion of the 
compression stroke was approximated as a polytropic process because 
the pressure–volume relationship during compression is generally well 
represented by a polytropic relation [45]. Accordingly, the compression 
stroke between intake valve closing and the onset of pilot-fuel ignition 
was assumed to follow a polytropic process, as described below: 

T1 = T0

(
P1

P0

)n− 1
n (1) 

The initial gas temperature, T0, was set to 313 K. The pressure at the 
time of valve closing was termed P0. The polytropic index, n, was ob
tained from the slope of the experimental logP-logV diagram during the 
compression stroke (− 180 to 0 deg. ATDC) under motoring conditions. 
Based on eight motoring cycles, the average value of n was 1.34 with a 
standard deviation of 0.04. Thereafter, an adiabatic change was 
assumed, as shown in Eq. (2): 

T2 = T1

(
P2

P1

)κ− 1
κ (2) 

where T1 and P1 are the estimated temperature and the in-cylinder 
pressure at the start of combustion, respectively. κ, the specific heat 
ratio of the mixture, was assumed to be 1.4, given the mixture compo
sition. The estimated unburned-gas temperature was calculated from the 
bulk in-cylinder pressure. Therefore, it should be interpreted as the 
mean unburned-gas temperature within the cylinder rather than the 
local temperature at which end-gas auto-ignition occurs.

Previous studies using gas engines revealed a strong correlation be
tween pressure and rate of heat release (ROHR) histories, and confirmed 
that ROHR analysis usefully evaluated combustion behavior [38,46]. 
Hence, ROHR was calculated using the in-cylinder pressure and volume 
to assess combustion in the CEM: 

ROHR =
κ

κ − 1
P

dV
dθ

+
1

κ − 1
V

dP
dθ

(3) 

P and V are the measured pressure and volume, respectively. 
Assuming that the mixture is homogeneous, Eq. (3) is derived from the 
first law of thermodynamics. The effect of the unburned fuel mass on KI 
was also investigated, as its influence on KI is often debated [15,19,23,
25,42]. The mass fraction of unburned fuel at the onset of end-gas 
auto-ignition was calculated from the ROHR history, as expressed 
below; 

Mass fraction of fuel in the end − gas region =

∑combustion end
auto− ignition onsetROHR

∑combustion end
combustion startROHR

× 100

(4) 

The end-gas auto-ignition timing was defined as the time at which 
auto-ignition inside the end-gas was first observed in the visualization. 
The mass fraction of fuel in the end-gas is the amount of combustible 
mixture remaining in the cylinder at the time of onset of end-gas auto- 
ignition.

3. Results and discussion

3.1. Pressure and ROHR histories combined with in-cylinder imaging

The experiments visualized end-gas auto-ignition in a hydrogen–air 
mixture. However, to understand combustion in a dual-fuel hydrogen 
engine better and to investigate the relationships among the in-cylinder 
pressure, ROHR, and the visualization data, bottom-view visualization 
using an ACS-3 camera was first conducted. Fig. 4 shows the pressure 
and ROHR histories and the visualization results. The frame rate and the 
exposure time were set to 20,000 fps and OPEN, respectively. In this 
cycle, diesel fuel was injected at − 5 deg. after top dead center (ATDC), 
resulting in a KI value of 0.034 MPa. This condition was selected to allow 
observation of the entire process from diesel fuel ignition to end-gas 
auto-ignition; we initially confirmed that auto-ignition occurred inside 
the end-gas. Diesel fuel ignition was confirmed at 2.88 deg. ATDC when 
the ROHR began to increase (image [a]). The fuel was injected in three 
directions and ignited at approximately 24 mm from the nozzle. Only 
small differences were observed in the three diesel fuel ignition timings 
because both the temperature and the mixture distributions in the cyl
inder were relatively homogeneous. In image (b), both a red lumines
cence caused by the ignition of the diesel and the propagating flame of 
the hydrogen–air mixture around the fuel ignition locations can be 
observed. Combustion of the diesel fuel dominated until approximately 
4 deg. ATDC, corresponding to the first ROHR peak, after which the 
propagating flame became dominant. The diesel ignition initiated the 
combustion of the hydrogen–air mixture and the flame then started to 
propagate with increasing pressure and ROHR. Fig. 4 demonstrates that 
the hydrogen–air premixed flame propagation that could not be detec
ted by the HX-7s camera, as shown in Fig. 3, was successfully visualized 
by the ACS-3 camera as a result of its approximately 2.5-fold higher 
color ISO sensitivity and the use of lenses with very low f-numbers 
(0.85). The luminous flame emission attributable to soot formation is 
apparent in the upper-right and lower diesel-injection regions of image 
(c). The ACS-3 camera automatically adjusted the brightness in image 
(d); the luminosity of the detected flame increased as it propagated. 
Therefore, the premixed hydrogen–air flame presented as a white lu
minous emission. Subsequently, a weak but sharp increase in the ROHR 
was evident at approximately 8.5 deg. ATDC. The visualization image 
(e) obtained at 9 deg. ATDC suggests that end-gas auto-ignition occurred 
in the lower-right end-gas region, as luminosity that originated from the 
end-gas, which was not the same as the light from the propagating flame, 
was observed. As the KI value of this cycle was 0.034 MPa, and therefore 
below the knocking threshold of 0.05 MPa, this cycle was classified as 
PREMIER combustion. The bottom-view visualization series indicates an 
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increase in light emission intensity over time. In image (f), when com
bustion was near-complete, the entire visible region exhibits a uniform 
white luminosity, likely because of enhanced thermal radiation from 
combustion gases attributable to elevations in the in-cylinder tempera
ture and pressure during late combustion. As end-gas auto-ignition was 
also observed, as shown in image (e), additional top-view visualizations 
focusing on the end-gas region near the cylinder wall were conducted to 
investigate end-gas behavior in greater detail.

3.2. Comparison of end-gas auto-ignition during knocking and during 
PREMIER combustion

Representative profiles of in-cylinder pressure and the ROHRs for 
normal and PREMIER combustion, and during moderate, strong and 
severe knocking cycles, are shown in Fig. 5. The diesel fuel injection 

timings were − 2,–6, − 8 and − 10 deg. ATDC; it was sought to obtain 
data at varying KI values. Five cycles were obtained under each oper
ating condition, and the cycle-to-cycle variations in each parameter are 
found in Supplementary materials. Fig. 5 illustrates the significant 
impact of pilot fuel injection timing on combustion behavior in the dual- 
fuel hydrogen engine. The ignition delay tended to increase as the diesel 
fuel injection timing advanced because the ambient pressure and tem
perature at the time of fuel injection were then lower, allowing more 
time for fuel–air mixing. Consequently, the premixture level increased 
prior to diesel fuel ignition, explaining the greater increase in the ROHR 
immediately after ignition. Advanced diesel fuel injection timing tends 
to create an earlier combustion phase, a higher peak pressure, and later 
changes in combustion behavior. Under normal combustion conditions, 
the gradual increase in the ROHR and subsequent decline indicate that 
the charge is fully consumed by diesel fuel ignition and diesel-ignited 

Fig. 4. In-cylinder pressure and ROHR histories and bottom-view visualization images at an injection timing of − 5 deg. ATDC.
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flame propagation; auto-ignition within the end-gas is absent. In 
contrast, both PREMIER combustion and the knocking cycles exhibit 
distinct second increases in the ROHR profile, attributable to end-gas 
auto-ignition during flame propagation, at approximately 9, 5 and 3 
deg. ATDC in each cycle, as revealed by the ROHR profiles. Advanced 
diesel fuel injection timing was associated with both earlier heat release 
and advanced pressure rise, increasing both the pressure and tempera
ture of the unburned mixture, thereby promoting auto-ignition within 
the end-gas. In addition, Fig. 5 shows that earlier end-gas auto-ignition 
was associated with a larger ROHR peak, indicating increasingly rapid 
consumption of more unburned gas.

To explore the relationships among the propagating flame, the 
remaining unburned mixture, and end-gas auto-ignition, top-view 
visualization focused on the region near the cylinder wall. Fig. 6
shows the results and the pressure histories, filtered via a 4–20-kHz 
band-pass filter, for the cycles of Fig. 5. Image times are indicated by the 
circles on the filtered pressure histories. Each image exhibits a bright arc 
at the boundary between the metal piston edge and the bottom-view 
window, attributable to reflection of the luminous flame (please see 
Section 2 above). Image (a) can be initially divided into two regions: a 
blue-purple region in the lower right, but dark elsewhere. The lower- 
right image direction is towards the cylinder center. The sequence il
lustrates the expansion of the blue-purple region containing burned gas, 
representing mixture flame propagation. The previous dark region holds 
unburned gas. During a normal combustion cycle, unburned gas was 
consumed only by the propagating flame initiated via diesel fuel igni
tion. The KI was then 0.0063 MPa. No pressure oscillations were 
apparent because the gradual pressure rise associated with flame 
propagation did not generate any significant pressure imbalance in the 
cylinder. During a PREMIER combustion cycle, the flame ignited via 
diesel fuel ignition propagated towards the upper-left direction of image 
(f). Subsequently (image [g]), luminescence similar to that of the 
propagating flame is observed in the upper left region, suggesting end- 
gas auto-ignition onset, because the region was surrounded by only 
unburned mixture. The time of the end-gas auto-ignition corresponds to 
that of the second rise in the ROHR history (Fig. 5). During PREMIER 
combustion, small pressure oscillations developed after end-gas auto- 
ignition, and the KI value was then 0.048 MPa, below the knocking 
threshold. Thus, this cycle was classified as PREMIER combustion. 
Flame propagation and auto-ignition within the end-gas were also 
observed during knocking cycles. However, during a moderate knocking 
cycle, the behavior of the propagating flame initiated by diesel fuel 
ignition differed from that of the other cycles (image [k]); the flame was 
predominantly located on the right. This was likely attributable to slight 
variations in the times of ignition of the diesel fuel because it was 
injected in three directions. A similar trend is observed in image (u). 

After the auto-ignition observed inside the end-gas in image (k), the 
subsequent end-gas auto-ignition occurred within the remaining un
burned gas region located between the initial end-gas auto-ignition area 
and the propagating flame in images (l) and (m). In the upper region of 
image (n), a bright luminosity, likely attributable to engine oil com
bustion, is apparent on the upper left. The cylinder wall was very close to 
this region. After the end-gas auto-ignition observed in the images, 
pressure oscillations occurred during the knocking cycle. Visualization 
of the end-gas region showed that the pressure oscillations within the 
chamber were induced by auto-ignition in the end-gas. In image (p), 
end-gas auto-ignition is observed at almost the same location as in image 
(k). Subsequently, the auto-ignition spread toward the right, as in a 
moderate knocking cycle. However, the gas that lay ahead of the end-gas 
auto-ignition region remained unburned in image (p) but burned in 
image (k). The visualization data show that more unburned gas was 
consumed via end-gas auto-ignition as combustion progressed from 
image (p) to image (t), corresponding to knocking cycles that ranged 
from moderate to strong. The strong/severe knocking cycles had KI 
values of 0.23 and 0.55 MPa, respectively. Image (u) shows that the 
diesel-ignited flame propagated from the bottom left region. Subse
quently, auto-ignition inside the end-gas occurred at the center, and a 
large unburned region remained ahead. Thereafter, the unburned gas 
was rapidly consumed via successive end-gas auto-ignitions, followed by 
severe pressure oscillations.

As it has been suggested that the spatial relationship between end- 
gas auto-ignition and unburned gas is closely related with KI, this rela
tionship was further investigated. Fig. 7 shows the end-gas auto-ignition 
locations and selected visualization data at auto-ignition onset. In Fig. 7 
(a), the plots indicate the locations where auto-ignition inside the end- 
gas was first observed in each cycle, and the plot colors show the cor
responding KI values. Blue points represent KI values below 0.05 MPa, 
indicating PREMIER combustion. Knocking cycles are marked by the 
green points with KI values of 0.05–0.2 MPa and red points with KI 
values exceeding 0.2 MPa. Fig. 7 (a) shows that auto-ignition inside the 
end-gas occurred both near the upper boundary of the visualization 
window and closer to the center, thus adjacent to the cylinder wall and 
ahead of the flame front. However, the KI tended to be higher when the 
end-gas auto-ignition occurred closer to the center of the image. This 
may be attributable to pressure wave reflection at the cylinder wall. 
Previous studies have suggested that pressure waves are reflected by the 
chamber wall and subsequently amplified [22,47]. The pressure wave 
development in the present study may be similar. After such waves have 
been generated ahead of the propagating flame and then propagated 
towards the wall through the unburned region, they may have been 
amplified by reflection from the wall. However, in some cycles, although 
end-gas auto-ignition occurred at similar locations, the subsequent 
combustion behavior differed, associated with either knocking or PRE
MIER combustion. Fig. 7 (b) shows the visualization data at the onset of 
auto-ignition inside the end-gas for the cycles indicated in Fig. 7 (a). 
These compare the knocking and PREMIER combustion cycles in which 
the end-gas auto-ignition locations are relatively similar. The fronts of 
propagating flames initiated via diesel fuel ignition are indicated by red 
lines. Image (A) shows that the burned gas produced by the 
diesel-ignited propagating flame occupied most of the visualization re
gion at the time of end-gas auto-ignition. Although the end-gas auto-
ignition locations were near-identical, most gas in image (D) remained 
unburned. Images (B) and (E) indicate that similar proportions of burned 
gas were consumed by the propagating flame; however, an unburned 
region is visible on the lower right only in image (E), attributable to 
differences in flame propagation behavior. Image (F) also shows a re
sidual unburned region on the lower left that is not seen in image (C). 
Fig. 7 suggests that the relative spatial relationship between the end-gas 
auto-ignition location and the surrounding unburned region plays an 
important role in terms of pressure wave generation. The numerical 
simulations of Terashima et al. revealed that the pressure wave propa
gates in the unburned gas region and is amplified by the heat released by 

Fig. 5. In-cylinder pressure and ROHR histories under normal combustion, 
PREMIER combustion, and moderate, strong, and severe knocking conditions.
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the chemical reaction behind the wave [22]. Although the visualization 
range is limited, a similar trend is observed in Figs. 6 and 7. When more 
unburned gas remained ahead of the auto-ignition area, the pressure 
waves generated were amplified as they propagated through this region, 
resulting in a higher KI value. The visualization data suggest that such 
waves may be amplified via wall reflection and the energy input from 
end-gas auto-ignition.

Fig. 6 also shows variations in the spread behavior of the end-gas 
auto-ignition flame. As the KI increased, that flame tended to spread 
more rapidly. During PREMIER combustion, after auto-ignition inside 
the end-gas [confirmed in image (g)], both subsequent end-gas auto- 
ignition in the remaining unburned region ahead of the initial auto- 
ignition area and propagation of end-gas auto-ignition flames are 
observed from image (h) to image (j). Propagation appears to play the 
dominant role in terms of flame spread. The results suggest that a local 
pressure rise attributable to end-gas auto-ignition was less likely during 
PREMIER combustion than under other conditions, as the end-gas 

tended to be primarily consumed via flame propagation. This prevented 
rapid energy release in the end-gas and the development of any signif
icant pressure imbalance in the chamber, resulting in no or small pres
sure oscillations during PREMIER combustion. On the other hand, 
during knocking cycles, the end-gas auto-ignition flame apparently 
propagated rapidly via sequential end-gas auto-ignition rather than 
flame propagation per se, and this became more pronounced as KI 
increased. In particular, during the severe knocking cycle shown in 
Fig. 6, propagation of the end-gas auto-ignition flame was barely 
observable. Therefore, differences in the mode of flame spread following 
end-gas auto-ignition—whether unburned gas was consumed by suc
cessive auto-ignitions inside the end-gas or by propagation of the auto- 
ignition flame—were associated with variations in the spread velocity of 
the end-gas auto-ignition flame and the subsequent pressure oscillations.

As the spread behavior of the end-gas auto-ignition flame influenced 
the subsequent pressure waves, the spread velocity of the auto-ignition 
front was estimated using the visualization data. The procedure 

Fig. 6. 4–20 kHz band-pass filtered pressure histories and top-view visualization images under normal combustion (a–e), PREMIER combustion (f–j), and moderate 
(k–o), strong (p–t), and severe (u–y) knocking conditions. The red contours in the images represent the boundaries between the burned and unburned regions. The 
bright arc observed in the images represents a reflection of the flame-derived luminescence. (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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employed is shown in Fig. 8. Binarized images were generated from the 
blue-channel images using the method of Otsu [48], and the end-gas 
auto-ignition flame regions were identified. The blue channel was 
selected because it most clearly reproduced the end-gas auto-ignition 
flame after binarization. Subsequently, the flame edge was located. This 
procedure was applied to multiple consecutive images when calculating 
the distance from the end-gas auto-ignition edge initially detected 
within the visualization region. The distance was then converted to a 
velocity based on the frame rate and the spatial resolution of the images. 
When the end-gas auto-ignition flame overlapped with the propagating 
flame or with the bright arc between the metal piston and the 

bottom-view window in the image, edge detection became difficult. In 
such cases, the edge was estimated visually from the image sequence. 
The spatial resolution was 0.12 mm/pixel, and the width of the bright 
arc observed in the images was approximately 5 pixels, resulting in a 
maximum uncertainty in the estimated velocity of approximately ±
17 m/s. This uncertainty has a limited impact on the representative 
spread velocities of approximately 100 m/s and 400 m/s presented 
below. The spread velocity was evaluated over ten consecutive images 
because the auto-ignition flame required up to ten images to spread from 
its initial appearance to the boundary of the visualization region. The 
purpose of this image analysis was to investigate the relationship 

Fig. 7. (a) Spatial distribution of initial end-gas auto-ignition locations and (b) corresponding top-view visualization images at the onset of auto-ignition. The red 
contours in the images represent the boundaries between the burned and unburned regions. (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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between the characteristics of end-gas auto-ignition flames and the 
development of pressure waves. The pressure waves in knocking cycles 
are attributable to localized pressure rises caused by the rapid energy 
release of end-gas auto-ignition [22,34,49]. Bradley et al. suggested that 
pressure wave development was strongly influenced by energy release 
during auto-ignition [34]. As the end-gas auto-ignition spread subsoni
cally in the present study, the energy supplied to pressure waves would 
be expected to be dominated by the fastest spread velocity of the end-gas 
auto-ignition. Accordingly, this velocity was used in calculations, as it 
represented the most significant local contribution of end-gas auto-
ignition to pressure wave development.

Fig. 9 shows the relationships among KI, the unburned gas temper
ature, the mass fraction of unburned fuel at the onset of end-gas auto- 
ignition, and the spread velocity of the auto-ignition front. The color of 
the plot indicates the KI value. Unburned gas temperatures were 
calculated using Eqs. (1) and (2) and unburned mass fractions were 
derived employing Eq. (4). The estimated unburned gas temperature at 

the onset of end-gas auto-ignition was 910–960 K. The auto-ignition 
temperature of hydrogen is 858 K at 298 K and 1 atm [2]. The tem
perature of the unburned gas plays a significant role in the onset of 
end-gas auto-ignition, as an unburned mixture does not auto-ignite at 
low temperatures. The temperatures were 915–945 and 915–960 K 
during PREMIER combustion and knocking cycles, respectively. A 
modest increase in the KI value with increasing temperature was 
observed; however, the trend was weak, indicating that the end-gas 
temperature exerted only a limited impact on pressure wave develop
ment. The unburned mass fraction data indicate behavior that differed 
from that of temperature. When the fuel mass fraction in the end-gas was 
below approximately 50%, most cycles featured PREMIER combustion; 
the KI tended to increase as the fuel mass fraction rose, and knocking 
cycles predominated at values above 50%. However, the KI values were 
widely distributed within this range, and there was no clear correlation 
between KI and the unburned fuel mass fraction. Although KI values 
consistently rose slightly with increasing temperature, the mass fraction 
data showed that the KI increased with larger mass fractions over the 
PREMIER combustion range. However, in the knocking regime, an in
crease in mass fraction was not associated with a rise in KI. This implies 
that the amount of unburned fuel in the end-gas affects pressure wave 
generation after auto-ignition onset. In other words, the cycle may have 
been classified as PREMIER combustion or knocking, but this did not 
significantly affect the pressure wave amplitude. In contrast, the KI 
increased as the spread velocity of the end-gas auto-ignition flame front 
rose. Cycles with velocities below approximately 100 m/s were associ
ated with PREMIER combustion. Under severe knocking conditions, 
with KI attaining 0.55 MPa, the spread velocity was approximately 
400 m/s; such rapid spread is unlikely to be explained solely by refer
ence to the parameters of conventional flame propagation. As shown in 
Fig. 6, the coexistence of successive end-gas auto-ignition events, com
bined with propagation of the auto-ignition flame, contributed to the 
rapid spread velocity.

Fig. 9 indicates that the rate of fuel consumption attributable to auto- 
ignition, not the total burned mass in the end-gas, played the more 
significant role in terms of subsequent pressure wave development. This 
implies that strong oscillations in pressure could be mitigated by sup
pressing rapid propagation of the end-gas auto-ignition front. Figs. 6, 7, 
and 9 show that the spatial relationships between the locations of the 
unburned mixture and end-gas auto-ignition, and the subsequent spread 
of the end-gas auto-ignition front, create pressure waves. The presence 
of a large amount of unburned fuel is not relevant in this context.

3.3. Analysis of end-gas auto-ignition characteristics based on Bradley's 
theory

To investigate the mechanisms that might explain the differences in 
end-gas auto-ignition behavior, the theory proposed by Bradley et al. 
[34,35] was used to evaluate the experimental results. The findings are 
summarized below.

When the ignition delay τi was spatially distributed, ignition 
occurred at different times and sites, resulting in (apparent) flame 
propagation. Considering only one-dimensional propagation, the ve
locity of the auto-ignition front relative to the unburned gas, ua, which is 
inversely proportional to the ignition delay gradient, is expressed as 
follows [33]: 

ua =

(
dτi

dx

)− 1
(5) 

Considering both burned gas expansion and mass conservation, the 
propagation velocity relative to the fixed stationary coordinate, dx/dt, is 
given by Eq. (6): 

dx
dt

= uaσ (6) 

Fig. 8. Image processing flow for a series of visualization results: (a) raw im
ages, (b) binarized images detected as auto-ignition flame and (c) boundary of 
the binarized images. The red contours represent the boundaries between the 
burned and unburned regions. (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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where σ is the density ratio of unburned to burned gas. Eq. (5) is next 
transformed into Eq. (7) using the temperature derivative of the ignition 
delay, τi/dT , and the temperature gradient, dT/dx: 

ua =

(
dτi

dT
dT
dx

)− 1

(7) 

If ua attains the acoustic velocity, a, under the critical temperature 
gradient (dT/dx)C, the pressure wave and the auto-ignition front can be 
reinforced, creating to the development of detonation: 
(

dT
dx

)

C
= a− 1

(
dτi

dT

)− 1

(8) 

A first dimensionless parameter, ξ, can be introduced by normalizing 
the actual temperature gradient with the critical temperature gradient, 
as shown by Eq. (9): 

ξ =

dT
dx(
dT
dx

)

C

(9) 

Using Eqs. (7) and (8), Eq. (9) is transformed into Eq. (10): 

ξ =
a
ua

(10) 

In addition, Bradley et al. defined ε when considering the effect of 
chemical energy unloaded into the acoustic wave at the hot spot, as 
expressed by Eq. (11): 

ε =

r0

a
τe

(11) 

where ε is the ratio of the time when the acoustic wave propagates 
through the hot spot radius, r0, to the excitation time, τe. Bradley et al. 
reported that the combustion mode at the hot spot (deflagration, 
developing detonation, or thermal explosion) could be predicted using 
the two dimensionless parameters. The interactions between the pres
sure waves, the auto-ignition front, and the mixture reactivity are 
important when seeking to understand PREMIER combustion, Bradley's 
theory effectively interpreted the phenomena observed in the present 
study. Therefore, the two parameters were estimated experimentally.

To calculate ξ and ε, the acoustic velocity, a, was derived using Eq. 

Fig. 9. Relationships among KI, (a) unburned gas temperature, (b) mass fraction of unburned fuel at the onset of end-gas auto-ignition and (c) spread velocity of end- 
gas auto-ignition.
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(12): 

a =
̅̅̅̅̅̅̅̅̅
κRT

√
(12) 

where κ and R are the specific heat ratio and the gas constant, respec
tively, and T is the unburned gas temperature at the onset of auto- 
ignition. The spread velocity of the end-gas auto-ignition front was 
employed when calculating dx/dt. The density ratio and excitation time 
were derived using the KUCRS chemical kinetics for hydrogen of 
CHEMKIN-Pro software [50,51]. Fig. 10 illustrates how the excitation 
time was calculated. That time was defined as the interval between the 
times at which the ROHR attained 5% of its maximum value and the 
time at which it attained its maximum value [52]. The pressure and 
temperature data used in the calculations were the experimental values 
at the onset of end-gas auto-ignition. As it was difficult to estimate the 
radius of the hot spot experimentally, it was assumed to be half of the top 
dead center (TDC) clearance (3.5 mm). Given the possible 
integral-length scale of turbulence at TDC, Kalghatgi assumed a hot spot 
radius of 5 mm, which is similar to the present value [53].

To investigate the effect of the interaction between pressure waves 
and the auto-ignition front on KI, the estimated values of ξ are plotted 
against KI values in Fig. 11. The KI increased exponentially as ξ 
decreased. According to Eq. (10), when ξ exceeds unity, a decrease in ξ 
indicates that the velocity of the auto-ignition front approaches that of 
the acoustic wave, thereby strengthening the front/wave interaction and 
enhancing pressure wave amplification. Such results suggest that the 
velocity of the auto-ignition flame plays a key role in the development of 
pressure waves. A similar trend has also been reported in previous 
studies [21,54]. To analyze the experimental results further based on 
Bradley's theory, ξ is plotted against ε in Fig. 12, and Table 2 presents the 
estimated parameters for the cycles of Fig. 5. The values of ε are 
concentrated around 7 because the variations in excitation time and 
acoustic velocity were both small, with ranges of 0.69–0.8 μs and 
650–680 m/s, respectively. In contrast, the estimated ξ covers a wide 
range of values. PREMIER combustion occurred when ξ exceeded 20. 
PREMIER combustion and knocking coexisted at a ξ value of around 18, 
whereas only knocking was observed below this value. Cycles with KI 
values of around 0.2 MPa lay near the boundary of the developing 
detonation peninsula. When the KI value exceeded 0.3 MPa, some points 
appeared inside the peninsula. In this study, ξ was estimated from ua and 
a as expressed by Eq. (10). However, as the acoustic velocity did not vary 
significantly, the velocity of the auto-ignition flame is considered to be 
the dominant factor determining ξ.

The auto-ignition front velocities (ua values) were determined from 
the visualization data. As shown in Eq. (7), ua is derived from the tem
perature gradient and the temperature sensitivity of the ignition delay. 

Hence, that delay was estimated using CHEMKIN-Pro software. Fig. 13
shows that delay and the temperature sensitivity thereof. The ignition 
delay was defined as the time at which the slope of the temperature 
profile attained its maximum value. This delay decreased monotonically 
with increasing temperature. The temperature derivative of the ignition 
delay obtained from the chemical kinetic calculations and the auto- 
ignition front velocity, ua, were used in Eq. (7) to estimate the temper
ature gradient at the hot spot. The relationships among KI, the tem
perature sensitivity of the ignition delay, and the temperature gradient, 
are shown in Fig. 14, where the KI increases as the temperature gradient 
and the derivative of the ignition delay approach 0 ms/K and 0 K/mm, 
respectively. Notably, this tendency is more affected by the temperature 
gradient than by the gradient of the ignition delay. As KI increases, the 
temperature gradient increases asymptotically toward 0 K/mm. There
fore, that gradient at the hot spot appears to play a dominant role in 
terms of the end-gas auto-ignition behavior observed in this study. 
However, the temperature gradients estimated here were much smaller 
than those suggested by Kalghatgi et al. [53], who used a value of 
− 2 K/mm when illustrating the general effects of such gradients on 
knocking, whereas in our experiments the values were of the order Fig. 10. Definition of the excitation time obtained from chemical kinetics 

calculations.

Fig. 11. Relationship between KI and ξ

Fig. 12. Experimental results plotted on the ξ − ε diagram proposed by Brad
ley [34].
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− 0.01K/mm, suggesting near-homogeneous temperature distributions. 
The estimated temperature gradients are much smaller than those 
generally be expected under engine relevant conditions. Therefore, the 
absolute values of the estimated temperature gradients should be 
interpreted with caution. This discrepancy may be attributable to either 
a difference in the ignition delay between the simplified calculated 
conditions and the actual in-cylinder environment or/and underesti
mation of the hot spot temperature. The calculations of ignition delay 
employed a zero-dimensional homogeneous assumption, whereas the 
environment of a real engine features turbulence and spatial in
homogeneities in both temperature and mixture concentration. Such 

inhomogeneities may create localized regions with shorter ignition de
lays, and auto-ignition onset might be affected by the conditions of the 
most reactive zones rather than the spatial averages. This means that the 
ignition delay evaluated using a homogeneous assumption may differ 
from that in the actual end-gas. Liu et al. reported that turbulence 
created a difference between experimental and calculated ignition de
lays [18]. Indeed, even the shortest ignition delay calculated in the 
present study was about 8 ms (corresponding to 28.8 deg. CA), which is 
considerably longer than the ignition delay expected under engine 
knocking conditions. As the ignition delay increased, the sensitivity of 
that delay to temperature became larger (Fig. 13). Consequently, the 
temperature gradient derived from Eq. (7) tended to fall. In this study, 
the pressure used for temperature estimation was measured close to the 
cylinder center, whereas the auto-ignition observed in the visualization 
window occurred in end-gas closer to the cylinder wall, where unburned 
gas might have experienced additional compression attributable to 
flame propagation. Thus, the local thermodynamic conditions in the 
end-gas might have differed from those at the measurement site. 
Furthermore, However, such effects would not be expected to influence 
the overall results systematically. Therefore, the relative differences in 
the derivatives of the ignition delays and the temperature gradients, and 
their effects on end-gas auto-ignition behavior, can be meaningfully 
discussed. Despite the limited quantitative accuracy of the local tem
perature and ignition delay estimates at the hot spot, the present 
approach offers useful qualitative insights into the relationship between 
hot spot conditions, PREMIER combustion, and knocking.

In this study, the experimental results were explored based on the 
theory proposed by Bradley et al. [34,35]. The ξ-ε diagram in Fig. 12
indicates a transition of the combustion mode from PREMIER combus
tion to knocking. As KI increased, ξ decreased, approaching the devel
oping detonation peninsula. When KI exceeded 0.3 MPa, the 
corresponding cycles lay within that peninsula. The estimated value of ξ 
strongly depended on the velocity of the auto-ignition front relative to 
the unburned gas, ua, as revealed by the visualization data. This suggests 
that the spread velocity of the end-gas auto-ignition flame significantly 
impacted KI. Note that ua values can be obtained experimentally even in 
hydrogen–air mixtures, in which visualization of end-gas auto-ignition 
flames is generally considered difficult. This study provides the novel 
insights into end-gas auto-ignition in hydrogen-air mixtures. Further 
investigations over a wider range of operating conditions are therefore 
required to verify the generality of the present findings.

4. Conclusions

In this study, end-gas auto-ignition in hydrogen–air mixtures was 
visualized in an optical CEM under both knocking and PREMIER com
bustion. Various KI values were obtained by changing the timing of 
diesel pilot fuel injection. To investigate the transition from PREMIER 
combustion to knocking, the factors that affect KI were examined using 
thermodynamic analysis, image processing, and Bradley theory. The 
main conclusions can be summarized as follows. 

1. End-gas auto-ignition in various hydrogen–air mixtures was visual
ized directly using a high-speed, highly sensitive color camera 
equipped with lenses of an extremely low f-number (0.85). During 
PREMIER combustion cycles, the end-gas auto-ignition flame spread 
via an interaction between flame propagation and sequential auto- 

Table 2 
Estimated parameters for r_0 = 3.5 mm under normal combustion, PREMIER combustion, and moderate, strong, and severe knocking conditions.

KI [MPa] P [MPa] T [K] a [m/s] dx/dt [m/s] τe [μs] ξ [− ] ε [− ] τi [ms] dτi/dT [ms/K] dT/d x [K/mm]

PREMIER combustion 0.048 6.22 929 670 80 0.76 17 6.83 16.4 − 0.40 − 0.063
Moderate knocking 0.095 6.93 949 677 159 0.71 8.7 7.23 9.6 − 0.23 − 0.057
Strong knocking 0.23 6.60 940 674 165 0.74 8.3 6.97 12.2 − 0.29 − 0.042
Severe knocking 0.55 6.86 958 680 410 0.69 3.4 7.40 7.8 − 0.18 − 0.028

Fig. 13. Ignition delay and temperature sensitivity of ignition delay at a 
pressure of 6.53 MPa.

Fig. 14. Relationships among KI, (a) temperature gradient and (b) ignition 
delay gradient.
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ignition onset. During knocking, the spread of the end-gas auto- 
ignition flame was driven primarily by auto-ignition onsets, and the 
auto-ignition flame proceeded more rapidly.

2. A weak correlation was apparent between KI and the temperature of 
the unburned gas at the onset of end-gas auto-ignition. In the PRE
MIER combustion regime, the mass fraction of fuel in the end-gas 
region increased with the KI. In contrast, under knocking condi
tions, the unburned mass fraction exhibited no clear relationship 
with KI, suggesting that this fraction influences mainly pressure 
wave initiation, not amplification. The spread velocity of the end-gas 
auto-ignition was the dominant parameter governing KI. The spread 
velocity remained below 100 m/s during PREMIER combustion, but 
attained approximately 400 m/s in severe knocking cycles.

3. The theory proposed by Bradley et al. [34,35] was used to evaluate 
the experimental results, and two dimensionless parameters, ξ and ε, 
were estimated. On the ξ-ε diagram, a clear transition from PREMIER 
combustion to knocking was observed. As KI exceeded 0.3 MPa, the 
corresponding cycles lay inside the developing detonation peninsula. 
The results also indicate that the temperature gradient at the hot spot 
played a key role in terms of the rapid spread of the end-gas auto-
ignition front and subsequent pressure wave development.
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Nomenclature

Abbreviations
ATDC After Top Dead Center
CA Crank Angle
CEM Compression and Expansion Machine
KI Knocking Intensity
PREMIER PREmixed Mixture Ignition in the End-gas Region
ROHR Rate of Heat Release
TDC Top Dead Center

Symbols
ua Velocity of the auto-ignition front relative to that of unburned gas
a Acoustic velocity
τi Ignition delay
dx/dt Velocity of the auto-ignition front relative to the fixed stationary coordinate
σ Density ratio
(dT/dx)C Critical temperature gradient
ξ Dimensionless temperature gradient at a hot spot
ε Dimensionless hot spot reactivity
r0 Initial hot spot radius
τe Excitation time
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