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Knocking is one of the main constrains in improving the thermal efficiency of spark ignition engines. It is
generally accepted that normal knock and super-knock are respectively caused by autoignition and detonation
development in end-gas. In this study, the effect of temperature disturbance on end-gas autoignition and deto-
nation development in a closed circular domain is examined through 2D simulations considering detailed
chemistry. In simulations we find typical end-gas combustion modes including triple-detonation, double-deto-
nation and double-tongue structures, which were also observed in previous rapid compression machine (RCM)
experiments. It is shown that the detonation development in end-gas is very sensitive to the temperature
disturbance, AT. As AT increases, the first autoignition in end-gas induced by temperature disturbance occurs
earlier while the corresponding pressure wave is weaker, which subsequently results in different combustion
modes in end-gas. Specifically, for small AT, a supersonic autoignition is initiated and then it triggers a triple-
detonation structure consisting of a radial detonation induced by shock-flame coupling and two circumferen-
tial detonations that are caused by the near-wall shock compression induced detonation (NWSCD) mechanism.
For moderate AT, the radial detonation is suppressed due to the earlier first autoignition and weaker pressure
waves, and thereby the double-detonation structure consisting of two circumferential detonations appears. These
two detonations are formed through near wall autoignition induced detonation (NWAID) mechanism. For
relatively large AT, there is no detonation development since the end-gas is quickly consumed by autoignition,
which results in a double autoignition front structure, referred to as the double-tongue structure. In this study,
the formation of complicated autoignition and detonation structures is interpreted. The results provide insight in
understanding the development of normal knock and super-knock in spark ignition engines.

1. Introduction

Recently, hydrogen-fueled internal combustion engines (ICEs) have
received great attention since hydrogen is a carbon-free alternative fuel
[1]. Since knocking is one of the main constrains in improving the
thermal efficiency of spark ignition engines [2], it is important to un-
derstand the mechanisms of knock onset in hydrogen-fueled ICEs.

It is generally accepted that engine knock is mainly caused by end-
gas autoignition [3]. When premixed flame propagates in a closed
chamber, the end-gas is progressively compressed and its temperature
and pressure continuously increase. Under certain conditions, auto-
ignition happens to end-gas before it is completely consumed by the
propagating flame front. When the local autoignition couples coherently
with pressure waves induced by itself, detonation may develop, which
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results in the so-called super-knock [2]. The super-knock can induce
extremely large pressure oscillation (above 200 atm) and cause severe
damage to engines. Therefore, we need prevent super-knock/detonation
development in Hy-fueled ICEs.

In the literature, there are many studies on end-gas autoignition and
detonation development. Based on the reactivity gradient theory of
Zel’dovich [4], Bradly and co-workers [5,6] categorized end-gas com-
bustion into five modes according to the normalized temperature
gradient, ¢, which equals the ratio of the local sound speed to the
autoignitive reaction front propagation speed, i.e., {=a/u,. Small value
of & corresponds to the supersonic autoignition while large ¢ leads to
deflagration mode. When ¢ is close to unity, the chemical reaction and
pressure wave strongly couple with each other, resulting in detonation
development. Dai et al. [7] found that for large hydrocarbon fuels, both
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hot spots and cool spots can lead to detonation development in the
end-gas. Besides, the detonation development was studied for different
fuels, diluents, thermal conditions, and geometries via 1D (see [8-11]
and references therein) and multi-dimensional simulations (e.g., [12,
13D.

However, the above studies [5-13] did not take into account
multi-dimensional wave interaction, which may have a significant
impact on end-gas autoignition and detonation development. Wang
et al. [14-16] studied the detonation development/super-knock under
engine-relevant conditions using the rapid compression machine (RCM).
In their experiments, detonation development was recorded via
high-speed visualization. Using the recorded images and pressure traces,
they [14] demonstrated that the deflagration-to-detonation transition
can be triggered by a hot spot-induced preignition in the end-gas. Fig. 1
(a) shows the triple-detonation structure observed in their experiments
[14]. Since detonation development and propagation are extremely fast,
only a few images can be recorded in experiments. Consequently, the
formation and subsequent propagation of triple-detonation structure
were not well understood. Besides, other end-gas combustion modes
including double-detonation (see Fig. 1b) and double-tongue reaction
front (see Fig. 1c) were observed in RCM experiments [15,16]. Wang
et al. [17] proposed that the detonation development appearing in the
near-wall region is mainly induced by shock wave reflection on the wall.
However, the underlying mechanism for detonation development is still
not well understood since limited information (e.g., high-speed image
and pressure trace) can be obtained in experiments. This motivates the
present study, which investigates different combustion modes in end-gas
induced by a hot spot in a circular domain using high-fidelity 2D
simulations.

The objectives of this work are to assess the effects of temperature
disturbance on the combustion modes in end-gas and to interpret the
mechanism of detonation development. We consider the premixed
hydrogen/air flame propagation from the center of a 2D, closed, circular
domain, in which there is a hot spot appearing near the wall. By simply
changing the temperature disturbance of the hot spot, different end-gas
combustion modes can be observed and analyzed.

2. Numerical model and methods

We consider a 2D, closed, circular domain initially filled with static,
stoichiometric hydrogen/air mixture at Tp=1000 K and Py=10 atm.
Note that in this study hydrogen is considered instead of hydrocarbons
that were used in previous experiments depicted in Fig. 1. The initial
conditions of premixed Hy/air mixture are based on previous study [18].
The central ignition results in a circular expanding flame. Due to sym-
metry, the computational domain in Fig. 2 is a semicircle in the radius of
2 cm. Symmetry boundary condition is imposed on the line at y = 0,
while adiabatic wall boundary condition is used for r = 2 cm. Although
the thermo-diffusive and hydrodynamic instabilities developed on the
flame front can break the symmetry, it is expected that the end-gas
autoignition and detonation modes are almost unaffected by the sym-
metry break-up because they are dominated by the temperature
nonuniformity in the unburnt region.

To trigger end-gas autoignition and detonation development, we
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Fig. 1. Different end-gas combustion modes observed in previous experiments:
(a) triple-detonation [14], (b) double-detonation [15] and (c) double-tongue
reaction front [16].

Proceedings of the Combustion Institute 40 (2024) 105220

) Adiabatic
H,/air, p=1 wall
T,=1000 K, P,=10 atm

Expanding

Hot spot

0
x (cm)

Fig. 2. Schematic of flame propagation in a circular computational domain.
There is a near-wall hot spot with To+AT in the end-gas.

impose a hot spot near the wall (see Fig. 2). The temperature distribution
of the hot spot is:

T=T,+ ATexp{ — [(x —Xo)2 +J’2]/(rH2)} @

with xp=1.8 cm and ry=0.1 cm. We consider three values of temperature
disturbance, AT=10 K, 30 K and 50 K, referred to as T10, T30 and T50,
respectively. To reproduce experimental phenomena in Fig. 1, the three
temperature disturbance values within the range of 10 ~50 K, which
aims to mimic the temperature inhomogeneity in ICEs [2,19], were
tested and selected. The values of & for AT=10 K, 30 K and 50 K are 48,
88 and 90, respectively. Therefore, the end-gas autoignition mode for
T10 could be different from that for T30 and T50. Note that the end-gas
combustion mode for T30 and T50 could be different since it is also
strongly affected by the complex interaction among flame front, wall
and the pressure waves generated by end-gas autoignition, which makes
the end-gas combustion mode sensitive to the temperature disturbance.

The fully compressible Navier-Stokes solver for a multi-component
reactive flow, PeleC [20], is used in this work. In PeleC, the finite vol-
ume method is used and a second-order explicit method is employed for
time-stepping. The shock capturing scheme is the method of line
approach with characteristic extrapolation to cell faces. Moreover,
adaptive mesh refinement based on the gradients of temperature and
pressure, and the mass fraction of H radical is used to accurately and
efficiently resolve the propagating reaction front and shock wave. The
detailed kinetic model for hydrogen by Konnov [21] is adopted and the
mixture-averaged transport model is used. PeleC has been successfully
used in previous studies on end-gas autoignition [22] and detonation
[23]. The details on numerical methods and code validation can be
found in [20] and thereby are not repeated here. In all simulations, the
maximum mesh level is five and the minimum mesh size is 1.23 pm. The
laminar flame thickness and the reaction induction length at the ther-
modynamic condition of end-gas right before the occurrence of auto-
ignition (i.e., 1200 K and 20 atm) are 29 and 125 pm, respectively. Such
fine mesh is used to ensure that grid-independence is achieved (see
Supplementary Material) and that the expanding circular flame, auto-
ignition front and detonation are well-resolved. The a posteriori study
from our simulations also shows that there are about 20 points and 8
points within the flame thickness and the detonation half reaction
thickness, respectively. Previous studies [23,24] have shown that a
minimum of 5 points in the heat releases zone can ensure the
grid-independent results of the detonation structure. Therefore, both
detonation wave and the flame front are well resolved throughout our
simulations.

3. Results and discussion
3.1. Different combustion modes in end-gas

Fig. 3 shows contour of temperature and density gradient at four
instants for each case. The central ignition induces a circular expanding

flame (CEF) propagating outwardly. The front of the CEF is not smooth
and cellular flame structure is observed. This is caused by the
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Fig. 3. Contour of temperature and density gradient at four instants (in the unit of microsecond) during the end-gas combustion for AT=10 K (top), 30 K (middle)
and 50 K (bottom). The radius of circular domain is 2 cm. CEF: circular expanding flame; Al: autoignition; CDW: circumferential detonation wave; RIDW: radial
detonation wave; SW: shock wave; PW: pressure wave. The symbol ‘** denotes that the detonation/shock wave is in the symmetry plane and is not simulated.

hydrodynamic instability which is more severe at higher pressure.
Before the occurrence of end-gas combustion, the CEF is similar for T10,
T30 and T50. Inside the closed circular domain, the CEF is like a piston
which compresses the end-gas. Consequently, the temperature and
pressure of the end-gas increase gradually. Since the temperature of the
hot spot center near the wall is slightly higher than that of the sur-
rounding mixture, end-gas autoignition first occurs there. Fig. 3(al)
shows that the first autoignition, 1stAl, occurs at around t = 363.1 ps for
AT=10 K. As temperature disturbance increases, the 1stAl occurs earlier
as expected: t = 346.4 ps for AT=30 K in Fig. 3(b1) and t = 312.5 ps for
AT=50 K in Fig. 3(c1). The sudden heat release from the 1stAl produces
pressure waves as shown by the contours for density gradient in Figs. 3
(al, bl, c1). These pressure waves propagate into and compress the
surrounding end-gas, which results in further increase in temperature
and pressure. Moreover, these pressure waves interact with the CEF and
wall, respectively on the left and right sides, and thereby affect the
subsequent end-gas combustion modes.

After the occurrence of 1stAl, different end-gas combustion modes
are observed for AT=10 K, 30 K and 50 K. For the case T10 with AT=10
K, shortly after the 1stAl front reaches the wall, at t = 363.7 ps two
circumferential detonation waves, CDOW and CDW* in Fig. 3(a2), form
near the wall and propagate in the opposite circumferential directions.
Then as shown in Fig. 3(a3), these two CDWs propagate in the end-gas
along the near-wall region. Meanwhile, the leftward propagating deto-
nation wave decays into a pressure wave due to the lack of reactants,
which will come up with the leading autoignition front and evolve into
the third detonation wave propagating inwardly toward the CEF along
the radial direction. This radial-inward detonation wave is denoted as
RIDW, as shown in Fig. 3(a3). This triple-detonation structure, consist-
ing of CDW, CDW* and RIDW, is similar to that observed in previous
experiments [14] (see Fig. 1a). More details of these processes will be
discussed in Section 3.2. When the RIDW collides with the CEF, it decays
to a shock wave (SW in Fig. 3(a4)) since the reactants in front of the
RIDW have been consumed by the CEF. However, unburned reactants
still remain in the annular region near the wall. Therefore, CDW and
CDW* both propagate in a rotating manner. At around t = 373.0 ps,
Fig. 3(a4) shows that autoignition AIl occurs at §~x and AI2 appears at

O~m/2. Since the autoignition front propagates at much higher speed
than CDW and CDW*, the residual end-gas is consumed in a short in-
terval by AL

For the case T30 with AT=30 K, two circumferential detonation
waves, CDW and CDW*, are also observed in Fig. 3(b2). However, the
end-gas combustion mode for T30 is different from that for T10. There
are mainly three differences between T10 and T30. First, for T30 the
CDWs do not appear immediately after the 1stAl front reaches the wall.
By comparing Figs. 3(a2) and 3(b2) with Figs. 3(al) and 3(b1), it is seen
that for T30 case, the 1stAl occurs much earlier while it develops into the
CDW at the almost same instant compared with T10. Therefore, it is
clear that the transition from the 1stAl to CDW takes a longer time in the
case of T30 compared to T10. The second difference is that in the radial
direction there is no detonation wave. Fig. 3(b3) shows that two oblique
shock waves, SW and SW*, propagate in the burnt region together with
CDW and CDW*. This is similar to the continuously rotating detonation
wave structure [25]. Besides, the double-detonation structure in Fig. 3
(b3) is similar to the cusp-like structure observed in previous experi-
ments [15] (see Fig. 1b). The third difference is that autoignition AIl
occurs in the unburned gas near the detonation front (see Fig. 3(b4) for
T30) rather than at the farthest position, =n, from the detonation front
(see Fig. 3(a4) for T10).

The end-gas combustion for case T50 is quite different from those for
cases T10 and T30. Fig. 3(c) shows that after the 1stAl occurring at the
hot spot near the right wall, no detonation development is observed.
Fig. 3(c1) shows that the pressure waves induced by the 1stAl propagate
circumferentially in the end-gas along the wall. Finally, strong collision
between pressure waves occurs at =n, which results in AIl near the left
wall around t = 370.5 ps, as shown in Fig. 3(c2). The AIl fronts prop-
agates at extremely high speed in the circumferential directions.
Consequently, the double-tongue reaction front is observed in Fig. 3(c3),
which is similar to that observed in previous experiments [16] (see
Fig. 1c). Fig. 3(c) shows that all the reactants are consumed by the Al
fronts within 3 ps and there is no detonation development.

It is noted that in Fig. 3, new Al prefers to occur at the position of
6~0, n/2 or . This is because strong pressure wave reflection or collision
happens at these locations. Such observation and explanation were also
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reported by Wang et al. [17].

To quantify different combustion modes in the end-gas, we calculate
the propagation speed of reaction front for both AI and CDW. Specif-
ically, the propagation history of the reaction front along the circle with
radius of r = 1.95 cm is first recorded. Then the propagation speed is
obtained from linear fitting between the reaction front position and
time. Note that during the propagation of reaction front, the relation
between distance that the reaction front has travelled, and time is almost
linear, which is presented in the Supplementary Material. Therefore, the
linear fitting method which was used in previous studies [15,17] is also
used here to determine the propagation speed of the autoignition and
detonation fronts. The results for different stages of cases T10, T30 and
T50 are listed in Table 1. It is seen that for T10, the reaction front speed
of the 1stAl is around 1080 m/s, which is much higher than those for
T30 and T50. Note that the sound speed in the end-gas (which is at T =
1200 K and P = 2.06 x 10° Pa at the moment before 1stAl) is around a =
800 m/s. Therefore, the 1stAl front propagates at supersonic speed for
case T10 while subsonic propagation happens to the 1stAl front for cases
T30 and T50. This is due to the fact that the reaction front speed is
inversely proportional to the temperature gradient according to the
reactivity gradient theory of Zel’dovich [4-6]. The smaller value of AT
leads to lower temperature gradient and thereby higher reaction front
speed. The detonation speed for CDW is around 1960 m/s and 2000 m/s
for T10 and T30, respectively. They are very close to the C-J detonation
speed of the end-gas (the relative difference is within 1.5 %). This is
reasonable since the width of the unburnt region is small, and the circle
(r=1.95 cm) used to calculate the propagation speed is close to the wall,
as explained in previous studies [26,27]. Besides, the AI front speeds for
T30 and T50 are both above 20,000 m/s, which is one-order higher than
the detonation speed. Therefore, the residual unburned gas is almost
immediately consumed by the Al fronts. Note that for case T10, multiple
Al fronts appear in the unburnt region which instantaneously consume
the unburned gas; fast chemical reaction almost occurs in the whole
space in end-gas, as shown in Fig. 3(a4). It is difficult to distinguish a
propagating reaction front. Therefore, the speed is not calculated.

To further quantify different combustion modes in the end-gas, we
record and compare the pressure history for T10, T30 and T50. Specif-
ically, the near-wall pressure history at (x = 1.99 cm, y = 0 cm) for T10
and T30 and that at (x=—1.99 cm, y = 0 cm) for T50 are shown in Fig. 4
(a). The evolution of maximum pressure within the whole domain is
plotted in Fig. 4(b). Note that at t = 0.35 ms, the near-wall pressure is
close to 20 atm, which is much higher than the initial pressure Py=10
atm. Such pressure rise is due to continuously compression of the end-
gas by the CEF in the closed chamber. The evolution of near-wall tem-
perature and pressure for case T10 provided in the Supplementary
Material clearly demonstrates the compression process. For AT=10 K,
Fig. 4(a) shows that there is a noticeable pressure spike induced by the
1stAl at around t = 0.362 ms, which is not observed for AT=30 K and 50
K. This indicates that the pressure wave generated by the supersonic
1stAl for AT=10 K is much stronger than those by subsonic 1stAl for
AT=30 K and 50 K. This is crucial to the subsequent end-gas combustion
because strong interaction between pressure wave and autoignition is
prone to induce detonation.

When detonation develops, the peak pressure increases dramatically
and is much higher than that after autoignition. Therefore, Fig. 4(b)
shows that peak pressure can be above 300 atm for AT=10 K and 30 K
with detonation development, while it is around 50 atm for AT=50 K in
which only end-gas autoignition occurs and there is no detonation

Table 1

Reaction front speeds at different stages for T10, T30, T50.
AT 10K 30K 50 K
1stAl speed, u, (m/s) 1080 100 60
CDW speed, up (m/s) 1960 2000 N/A

Al speed, u, (m/s) 22,400 21,200
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AT=10K 50 K

t (ms)

Fig. 4. Evolution of (a) the near-wall pressure and (b) the maximum pressure
for AT=10 K, 30 K and 50 K. The insert shows the pressure contour of the
detonation front for AT=10 K.

development. The insert in Fig. 4(b) shows the cellular structure of the
detonation front, and the peak pressure appears at the triple point which
is the intersection among the transverse wave, incident shock and Mach
stem. Comparison between Figs. 4(a) and 4(b) indicates that due to
detonation development in end-gas, the pressure inside the chamber can
be much higher than that near the wall. According to Wang et al., [2],
super-knock is characterized by overpressure above 20 MPa. Therefore,
super-knock occurs for cases T10 and T30, while conventional knock
happens for case T50.

The above results indicate that detonation development and knock
intensity are very sensitive to the temperature disturbance in end gas. To
reveal the underlying mechanisms for different combustion modes
induced by temperature disturbance, we conduct detailed analysis on
the reaction front for each case in following subsections.

3.2. Detonation development for AT=10 K

As shown in Fig. 3(a), the triple-detonation structure consisting of
CDW, CDW* and RIDW is formed for case T10 with AT=10 K. To explain
the mechanism for the formation of CDW shortly after the 1stAl front
reaches the wall, in Fig. 5 we plot the temperature and pressure profiles
along the symmetry line (i.e., y = 0) during the process of the 1stAl front
approaching the wall.

Fig. 5 shows that at t = 361.4 ps (line #1), the shock wave generated
by the 1stAl propagates toward the right wall. Then it is reflected on the
wall (see line #2) which further compresses the end-gas. This leftward-
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Fig. 5. Evolution of the temperature and pressure profiles along the symmetry
line (i.e., y = 0). The time sequence is: #1: 361.4 ps, #2: 361.9 ps, #3: 362.5 ps,
#4: 362.8 ps, #5: 363.0 ps, #6: 363.16 ps, #7: 363.23 ps, #8: 363.28 ys.
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propagating reflected shock wave moves toward and collides with the
rightward-propagating 1stAl front, producing a transmissive wave
propagating to the left burnt region and a rightward-propagating re-
flected wave that begins to couple with the 1stAl front (see line #3). As
shown by lines #4~#6, the coupling between the 1stAl front and
pressure wave further enhances the pressure wave. Finally, a detonation
wave develops in the near-wall region which consumes the end-gas
therein. Similar detonation development process was reported in Fig.
14 of [18] and can be well explained by the reactivity gradient theory of
Zel’dovich [4] and the SWACER mechanism of Lee et al. [28]. At t =
362.23 ps (line #7), the peak pressure is above 100 atm. Since there is no
unburnt gas left for the detonation, the peak pressure decays to around
75 atm (line #8).

Though the lifetime of the above near-wall detonation development
shown in Fig. 5 is very short, it is crucial to the formation of CDWs since
it generates a strong shock wave near the wall. It is noted that the un-
burnt end-gas has very high reactivity after it is compressed to high
temperature and pressure by the CEF. This shock wave propagates in the
circumferential directions and further compresses the surrounding un-
burnt end-gas, resulting in two circumferential detonation waves, CDW
and CDW*, as shown in Fig. 3(a2). Therefore, the CDWs observed in case
T10 are referred to as the near-wall shock compression induced deto-
nation (NWSCD). This mechanism requires a strong shock wave. In case
T10, the strong shock is generated through two processes: first the su-
personic 1stAl generates initial shock; and then the initial shock induces
the near-wall detonation which forms the shock after it consumes the
unburnt gas near the wall.

Fig. 6 depicts the formation of radial detonation front (RIDW) shown
in Fig. 3(a3). The temperature contours near the 1stAl are plotted for
four instants on the top of Fig. 6. At t = 364.9 ps (line and sub-figure #1),
the pressure wave (line #8 in Fig. 5) is on the right side of the 1stAl
front. This pressure wave is enhanced by the 1stAl front at x = 1.695 cm
(line #2 in Fig. 6). Due to coherent coupling between chemical reaction
and pressure wave, the pressure wave intensity continues to increase
and finally detonation development happens (see lines #2, #3 and #4).
The RIDW decays to a strong shock wave after it propagates into the
burnt region (line #5).

As mentioned before, the triple-detonation structure in case T10,
Fig. 3(a3), is similar to the experimental result, Fig.1(a), reported by
Wang et al. [14]. In their study, the very strong pressure oscillation was
attributed to this near-wall triple-detonation structure. They proposed
that the triple-detonation structure could be induced by three explosion
centers near the wall [14,15]. However, the above simulation results

1.72 1.74

16 1.62 1.64 166 1.68 1.7
x (cm)

Fig. 6. Evolution of the temperature and pressure profiles along the symmetry
line at y = 0 during the formation of RIDW and triple-detonation structure for
case T10. The top figures are four representative temperature contours. The
time sequence is: #1: 364.9 ps, #2: 365.2 ps, #3: 365.3 ps, #4: 365.5 ps, #5:
365.6 ps.
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show that the near-wall triple-detonation structure can be induced by a
single hot spot in the near-wall region.

3.3. Detonation development for AT=30 K

Unlike the case with AT=10 K, there is no RIDW for the case with
AT=30 K. This is because detonation development does not happen at
relatively large temperature gradient according to the reactivity
gradient theory [4-6]. As shown in Table 1, for AT=30 K the speed of the
1stAlI front is around 100 m/s, which is about one order of magnitude
smaller than the sound speed of unburned gas, 800 m/s. Therefore, the
pressure wave cannot couple with the 1stAl front and thereby there is no
detonation development directly induced by the 1stAl. Moreover, the
pressure wave generated by the 1stAl is much weaker for AT=30 K than
that for AT=10 K. Consequently, it is difficult to achieve transition to
detonation in the radial direction through the NWSCD mechanism.
Furthermore, the unburnt gas region between the 1stAI and CEF is small,
and thereby the unburned mixture is completely consumed before po-
tential RIDW or Al occurs. The above factors make the 1stAl front unable
to evolve into a RIDW for AT=30 K.

Similar to the case with AT=10 K, the CDWs are also observed in the
case with AT=30 K. However, the mechanism for CDW formation is
different. Specifically, it is the near-wall autoignition induced detona-
tion (NWAID) that leads to the formation of CDWs for AT=30 K. Fig. 7
shows the distributions of temperature and pressure profiles in the
circumferential direction (along the near-wall circle with r = 1.99 cm).
From t = 366.02 ps to t = 366.83 ps (lines #1 and #2), the near-wall
1stAl front propagates subsonically with nearly uniform pressure dis-
tribution. However, at t = 367.64 ps (line #3), the temperature and
pressure of the unburned gas in the region of 0.13<6<0.15 both rise due
to the chemical reaction occurring there. At t = 368.42 ps (line #4), the
pressure rise in the mixture before the reaction front is above 20 atm,
indicating that strong autoignition happens there. Finally, at t = 368.82
ps (line #5) a shock wave is shown to be developed and coupled with the
reaction front, indicating that the detonation forms. The density
gradient contour #5 clearly shows there is an autoignition kernel
appearing in the near-wall region. The Al kernel is enclosed within a box
where the density gradient differs from the surrounding due to reaction.
Therefore, the CDW observed for AT=30 K is caused by the NWAID
mechanism. Note that the NWAID was also observed in the experiments
by Qi et al. [15].

In case T10, CDW happens immediately after the 1stAl (see Figs. 3
(al) and 3(a2)). However, Figs. 3(b1) and 3(b2) show that for T30 CDW
is postponed. This is because the earlier 1stAl for T30 results in relatively
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Fig. 7. Evolution of the temperature and pressure profiles along the circle in
the radius of r = 1.99 cm. The top figures are density gradient contours during
the CDW formation. The time sequence is: #1: 366.02 ps, #2: 366.83 ps, #3:
367.64 ps, #4: 368.42 ps, #5: 368.82 ys.
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weaker compression of the end-gas and thereby produces relatively
weaker pressure wave. Consequently, CDW cannot develop immediately
after the 1stAl for T30. This further demonstrates that detonation
development is very sensitive to the temperature disturbance of the hot
spot in end-gas.

3.4. Autoignition for AT=50 K

Unlike the cases of AT=10 and 30 K, there is no detonation devel-
opment for AT=50 K. To explain why detonation doesn’t occur, in Fig. 8
we plot the contour of ignition delay time 7 and normalized temperature
gradient £ at the moment immediately before Al happens (see Fig. 3
(c2)). The ignition delay time is calculated using the 0D homogenous
constant-pressure reactor model at each grid cell. Note that the similar
results are obtained when the constant-volume reactor is used, as shown
in the Supplementary Material. It is seen that the ignition delay time 7
increases gradually from 7=3 x 107 s on the left side with 6= to =3 x
107 s at the 1stAl front with 6~n/10. In the end-gas, the normalized
temperature gradient is much smaller than unity. This indicates that
supersonic propagation of autoignition front since é=a/u, [5,6]. Though
£~1 occurs in near the 1stAI front with 6~n/10, the ignition delay time
there is much longer than that at é=n. Therefore, before detonation
development near the 1stAl front, autoignition already happens and
consumes all the end-gas.

The propagation of the supersonic Al front in the circumferential
direction is shown in Fig. 9. At t = 331.8 ps (line #1), only 1stAl exists
near =0 and the pressure is nearly uniform. At t = 369.9 ps (line #2),
the pressure and temperature around 6=n start to increase due to the
collision and reflection of the pressure waves generated by the 1stAl
Therefore, autoignition AI1 starts at == and propagates towards 6=0,
as also shown by Fig. 3(c2). A new autoignition kernel, AI2, appears
around 6=1.1 at t = 371.2 ps (line #5). Note that the AI2 is not shown in
Fig. 3 since it only exists for a relatively short interval and then merges
quickly with the AI1. These two Al fronts merge into one Al front (line
#9 and also the Al in Fig. 3(c3)) and form a double-tongue structure that
propagates towards the 1stAl front until all the reactants are consumed,
as shown in Fig. 3(c4).

Fig. 10 explains the formation of AI2. To better visualize the pressure
waves in the end-gas, the contour of volumetric dilatation (\/-u) is used.
It is seen that the AI2 is caused by the pressure wave reflection in the
ring-shaped unburnt region. Since the domain is circular, pressure
waves caused by the 1stAl kernel propagate outwardly, and then are
reflected by the curved wall, enhancing the reactivity of the unburnt gas
at around #=1.1 and leading to the autoignition kernel AI2.

Al direction

T(s)
1e-6 2e-6 5e-6

-2 -1 0 1 2
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Fig. 8. Contour of ignition delay time, 7 (upper) and normalized temperature
gradient, & (bottom) at t = 369.8 ps. Regions with 0.8<¢<1.2 are covered by red
color. The burnt region is in grey (upper) and purple (bottom).
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Fig. 9. Temporal evolution of temperature, pressure and heat release rate
distributions along the circle in the radius of r = 1.99 cm for AT=50 K. The time
sequence is: #1: 331.8 ps, #2: 369.9 ps, #3: 370.1 ps, #4: 370.5 ps, #5: 371.2
ps, #6: 371.3 ps, #7: 371.4 ps, #8: 371.5 ps, #9: 371.9 ps.
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Fig. 10. Contour of volumetric dilatation at the instant immediately before AI2
happens (t = 371.2 ps, Line#5 in Fig. 9) for AT=50 K.

4. Conclusions

The effect of temperature disturbance on end-gas autoignition and
detonation development in a closed circular domain is examined using
2D simulations. Three temperature disturbances of AT=10 K, 30 K and
50 K are considered for a hot spot in end-gas of stoichiometric
hydrogen/air initially at Tp=1000 K and Py=10 atm. Typical end-gas
combustion modes including triple-detonation, double-detonation and
double-tongue structures observed in previous RCM experiments
[14-16] are reproduced in our simulations and their formation mecha-
nisms are interpreted.

It is shown that detonation development in end-gas is very sensitive
to the temperature disturbance, AT, of the hot spot. Detonation devel-
opment is observed for AT=10 K and 30 K but not for AT=50 K. For
AT=10 K, the triple-detonation structure consisting of two circumfer-
ential detonation waves, CDW and CDW*, and one radial detonation
wave (RIDW) is caused by near-wall shock compression induced deto-
nation (NWSCD) and shock-flame coupling. Strong pressure wave
generated by the 1stAl induces coherent coupling between chemical
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reaction and pressure wave and thereby detonation development. For
AT=30 K, since the pressure wave caused by the 1stAl is relatively weak,
there is no RIDW. Though two CDWs are also observed, they are near-
wall autoignition induced detonation (NWAID) rather than NWSCD.
For AT=50 K, the autoignition front propagates much faster than the
sound speed. Therefore, the end-gas is totally consumed by autoignition
after the 1stAl happens, and there is no detonation development.

Note that the effect of turbulent flow in engines is not considered
here and needs to be explored in future studies. Nevertheless, the present
results are still useful as a first step towards an understanding of the
complicated detonation development, especially that observed in pre-
vious RCM experiments.

Novelty and significance statement

This study provides novel insights into end-gas autoignition and
detonation development. The mechanisms for the formation of triple-
detonation, double-detonation, and double-tongue structures are inter-
preted for the first time through two-dimensional simulations consid-
ering detailed chemistry. The primary role of first autoignition is
highlighted and its influence on subsequent end-gas combustion modes
is assessed. It is shown that the detonation development in end-gas is
very sensitive to the temperature disturbance.

The results are significant because normal knock and super-knock,
respectively caused by autoignition and detonation development, are
the main constrains in improving the thermal efficiency of spark ignition
engines. However, their initiation process for autoignition and detona-
tion is difficult to be captured in experiments and is not well understood.
With the help of high-fidelity 2D simulations, we clearly interpret the
mechanisms for detonation development at different temperature dis-
turbances. We find that different temperature disturbances significantly
affect first autoignition and pressure wave intensity, and thereby affect
the subsequent detonation development.
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