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ABSTRACT

The main objective of this work is to comprehensively provide a fundamental understanding of the entire process of the flame-pressure
wave interactions with end-gas autoignition and detonation development in a confined chamber by two-dimensional numerical simulations
with a stoichiometric hydrogen/air mixture. The flame dynamics, pressure wave propagation, and its structure evolution, together with the
mechanism of autoignition and detonation development in the end gas, are analyzed in detail. Six stages, including spherical flame, fin-
ger flame, flame with its skirt touching the sidewalls, flame-pressure wave interactions, end-gas autoignition induced by the flame-pressure
wave interactions, and detonation development, are observed for the flame development in the confined space. The results demonstrate
that the flame-pressure wave multi-interactions result in violent oscillations of the flame shape and speed. Three stages of flame shape
evolution during each interaction, backward propagation of the flame front, stretch of the flame front at the boundary layer, and forma-
tion of the tulip flame, are captured. A new mechanism in terms of combined effects of the viscous boundary layer and pressure waves
is provided for the formation of the tulip flame. It is also found that the velocity distributions in the boundary layer show the trend of
increase first and then decrease after the pressure waves pass the fields twice in the opposite directions. The autoignition occurrence and
detonation initiation at different positions and different moments in the end-gas region are analyzed. It is indicated that the nonuniform
temperature distribution induced by the reflections of pressure waves and the specific pressure wave structures can be responsible for this
phenomenon.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5099456

I. INTRODUCTION ahead of the flame front, and finally, formation of a detonation
wave (DW).”” However, the quantitative theory and comprehen-
sive mechanism of DDT remain still poorly understood as a result

of its complicated combination of multiple highly nonlinear pro-

Flame propagation and deflagration-to-detonation transition
(DDT) have drawn extensive attention over the past years not only

due to their destructive effects in the fire safety area such as mine
explosion but also because of their potential applications in some
propulsion systems, e.g., a pulsed detonation engine (PDE)."® It
is generally considered that the overall DDT process in a smooth
tube basically involves three stages: first, flame acceleration and lead-
ing shock wave generation, then formation of the preheated zone

cesses including interactions among flames, shocks, boundary layers,
and turbulence.” In particular, detonation development in confined
space has become a new forefront topic recently on account of its
close relation to superknock occurring in downsized spark igni-
tion engine,'’""” in which the complex flame-pressure wave inter-
actions play a crucial role in the end-gas autoignition formation
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and its inducing detonation.'” '* When superknock occurs, the peak
pressure in the cylinder can reach up to over 300 bars that can
damage the engine, which has become an obstacle for the devel-
opment of an advanced engine. Thus, understanding the mech-
anism of flame-pressure/shock wave interactions in the confined
space not only is of fundamental significance for detonation theory
but also contributes to the practical applications for suppression of
knock.

In recent decades, there have been a number of stud-
ies on the interactions between flame propagation and pres-
sure/acoustic/shock waves through experiments and simulations. As
early as 1956, Markstein'® investigated the interaction of initially
laminar flames with shock waves, which showed that the interac-
tion of the flame with the shock wave leads to the formation of
a spike of unburned gas that penetrates rapidly into burned gas.
Later, Searby'” presented an experimental description of the acous-
tic instability of a premixed flame front in a tube with a closed
end, where four distinct types of acoustic instability in terms of
the oscillation of acoustic wave and flame structures are included.
Bychkov'®"” developed analytical models describing stabilization
and destabilization of curved flames during interactions with weak
shocks or acoustic waves in tubes. Afterward, Petchenko et al.”""'
numerically showed that flame-sound interactions strongly increase
the oscillation amplitude of the flame front and that oscillations
become especially strong when flame pulsations are in resonance
with the acoustic wave. Recently, Akkerman and Law’" analyti-
cally investigated the acoustic wave-flame interactions in spheri-
cal confinement and found that the acoustics modify the power-
law flame acceleration, concomitantly facilitating or inhibiting the
transition to detonation in confinement. Apart from the oscilla-
tions, flame shape changes caused by flame-pressure/acoustic/shock
wave interactions are one of the most interesting parts because
of its close relation to flame acceleration that can lead to DDT.
Clanet” studied the tulip flame phenomenon in a half-open tube
and noted that the formation of the tulip flame is a manifestation
of the Taylor instability driven by the deceleration of the flame
tip. In recent works,”* *° experimental and numerical investiga-
tions were performed to study a new flame shape, called “distorted
tulip” flame (DTF), which appears after a classical tulip flame is
formed. In these works, Xiao et al.”’ suggested that the formation
of a DTF is the result of Rayleigh-Taylor instability (RTI) driven
by pressure waves generated by contact of the flame front with the
sidewalls. Meanwhile, shock-flame bubble interactions in terms of
Richtmyer—-Meshkov Instability (RMI) are also extensively investi-
gated.”” ”’ Thomas et al.”’ experimentally observed that increased
incident shock velocity results in enhancement of combustion and
deflagration to detonation transition. Zhu et al.”’ numerically stud-
ied effects of different parameters on spherical flame-shock inter-
actions and showed that the time-dependent integral and statis-
tical properties of flame developments prior to detonation onset
show more similar behaviors compared to the spatial dissimilar-
ities of flame and detonation evolution for all cases. All these
previous studies have significantly improved our understanding
of the flame-pressure/acoustic/shock wave (all stated as pressure
wave below) interactions. However, the effects of the flame-pressure
wave interactions on the autoignition and detonation develop-
ment in the end-gas region have not been investigated in these
works.

ARTICLE scitation.org/journal/phf

Meanwhile, significant efforts have been spent on studying
autoignition due to its close association with knock and super-
knock. Zeldovich®' first presented that there are different combus-
tion modes for a flame front propagation caused by autoignition
in the mixture with nonuniform reactivity. Based on the above the-
ory, Bradley and his co-workers” " extended these studies and fur-
ther developed an operational peninsula, where two nondimensional
parameters, § and ¢, representing the acoustic speed normalized by
the autoignition velocity and the acoustic wave residence time in a
hotspot normalized by the excitation time, respectively, are involved.
This peninsula can be adopted to classify different combustion
regimes with clear regime boundaries in terms of autoignition mode
during knocking combustion. In addition, a number of experimen-
tal studies have been performed to investigate the autoignition and
knock. Using the rapid compression machine (RCM) with an opti-
cal window, """ it was observed that detonation is first initiated
in the near-wall region as a result of shock wave reflection and
Wang et al.”’ demonstrated that the mechanism of superknock is
constituted by hotspot-induced deflagration to detonation transi-
tion followed by high-pressure oscillation. However, pressure waves
and especially flame-pressure wave interactions were not observed
directly in the experiments. Thus, Wei et al.'>” conducted exper-
iments in a constant volume combustion chamber with schlieren
photography. It is shown that the interaction of the reflected shock
wave and flame results in oscillations of the flame propagation and
the end-gas autoignition induced by the shock waves was captured
as well.

Moreover, significant advances have been made over the past
years in the simulations of autoignition and engine knock, " **
especially by one-dimensional (1D) computations. Terashima and
Koshi'' conducted a 1D simulation to deal with the mechanism
for the hot-spot formation. The results demonstrated that the wall
reflection periodic of the compression wave, generated from spark,
produces an instantaneous temperature increase, which leads to
the production of a larger amount of chemical species compared
to that of other end-gas points. Furthermore, Yu and Chen™
observed three different modes of end-gas combustion: normal
flame (NF) propagation without autoignition, autoignition with-
out detonation development, and detonation development. They
also pointed out that autoignition and detonation development
can be induced by increasing the initial temperature, initial pres-
sure, or chamber length. However, due to the limits of 1D simu-
lation, the flame dynamics and the generation and propagation of
pressure waves due to the flame acceleration, which are of great
importance in the process of real knocking combustion, were not
observed.

The main objective of the present study is to provide a fun-
damental understanding of the integrated process of the flame-
pressure wave interactions with end-gas autoignition and detona-
tion development in the confined space. The discussions are based
on the results of a set of two-dimensional (2D) simulations with
a stoichiometric hydrogen-air mixture, in which the compress-
ible Navier-Stokes equations are solved with a reduced chemical
kinetics mechanism of H,. The new contributions of the present
work are the following: (1) Different flame propagation modes and
flame dynamics in a confined chamber are presented by 2D sim-
ulations, for the first time to our best knowledge. The oscillations
of the flame speed and evolution of the flame shape, caused by the
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interactions of flame and pressure waves in a confined chamber,
are comprehensively discussed in this work. (2) The generation and
propagation of the pressure waves in the confined space by the
wave diagram as well as their structure evolution during interac-
tions with the flame front are carefully investigated. Also, a new
mechanism in terms of combined effects of the viscous boundary
layer and the pressure waves is performed for the formation of the
tulip flame. (3) The mechanism of end-gas autoignition with detona-
tion development induced by the flame-pressure wave interactions is
revealed comprehensively. The present work will give deep insight
into the mechanism of end-gas autoignition as well as the DDT
phenomenon.

The paper is organized as follows: the computational config-
urations and numerical methods are briefly discussed in Sec. II.
The results and discussions are presented in Sec. III, where
the flame dynamics and pressure wave propagation as well as
the analysis of autoignition and detonation development are
included. Finally, major conclusions from this work are summarized
in Sec. I'V.

Il. COMPUTATIONAL CONFIGURATIONS
AND NUMERICAL METHODS

A. Computational configurations

As shown in Fig. 1, the 2D closed rectangular channel, whose
length and height are denoted as [ = 2 cm and d/2 = 0.1 cm, respec-
tively, is considered in the present work. To reduce computation
expenses, a symmetric boundary condition is adopted at the lower
boundary, while adiabatic and reflective no-slip boundary condi-
tions are imposed at the other three sides. Note that in this work,
the effects of wall heat losses on the flame propagation are not con-
sidered based on similar studies*”*° to improve computational effi-
ciency. Initially, an artificial hot kernel is set up at the lower side
close to the left wall (X = 0.1 cm), as the spark ignition kernel, sur-
rounded by a quiescent homogeneous stoichiometric H/air mixture
with the initial temperature of Ty = 1000 K and the initial pres-
sure of Py = 10 bars. The initial distributions for temperature and
mass fractions of all species inside the hot kernel are extracted from
the results computed by the Premix laminar flame-speed calculation
model in Chemkin-PRO" for stoichiometric Hy/air at To and Pj.
A flame front induced by the hot kernel will propagate from left
to right and detonation induced by autoignition may take place in
the end-gas region between the flame front and the right wall in
conjunction with the pressure and temperature increase. A reduced
reaction mechanism of Li et al."’ for the H/air mixture is utilized
in the present work. Note that the dimensions considered here are
often applied in the studies of flame propagation in a microscale or

ARTICLE scitation.org/journal/phf

6,46,49
narrow channel”*®"” where heat losses to the wall can have a non-

negligible impact on the flame propagation,””””" but the present
work is mainly focused on the fundamental mechanism of flame-
pressure wave interactions and their effects on the end-gas autoigni-
tion and detonation development in confined space under a high
temperature (HT) and pressure condition, and the potential effects
of heat losses are only roughly discussed for the integrity while the
detailed mechanism needs to be further investigated in the future.
In addition, effects of initial temperature Ty, initial pressure Py, and
lager channel dimensions are also investigated, and the results are
provided in Subsections 1 and 2 of the Appendix for highlighting
the slight process differences between these cases.

B. Governing equations

The reactive compressible Navier-Stokes equations are used for
the governing equations, which are expressed as follows:

8(Hconv - Hdiff)

ou + 8(Fconv - Fdiﬁ)

a7 + = Schem> 1
8t 8x ay chem ( )
U = (p, pb, pVs pec pis - - - px-1) s (2)
Schem = (0,0,0,0,@01,..., 1), (3)
pu 0
pu2 +p Txx
puv Tay
Feonv = (,Det +P)u > Fdijf =| UTux +VTxy — 4x |
p1Yiu p1Y1 Vi
pr—1Yg-1u Pr-1YKk-1Vik-1
4)
pv 0
puv Tyx
pV +p Ty
Heowy =| (per+p)v |, Hag =| utye +viyy — gy
pP1 Yiv P1 Yi Vy,l
pr-1Yk-1v pr-1Yk-1Vyk-1

Here, p, u, v, e, p, pi» @i» Yi, Vxi and V), ; are the total den-
sity, the velocity in the x-direction, the velocity in the y-direction,
the total energy per unit mass, the pressure, the density of the ith
species, the mass production rate of the ith species, the mass frac-
tion of the ith species, the diffusion velocity in the x-direction of the
ith species, and the diffusion velocity in the y-direction of the ith

Z(cm) X .
o Side wall Reflective species, respectively.
o o The viscous stress tensor is given by
> (o]
dn "::3 Stoichiometric H, /air at T, and P, f-,? g.
2 (é@ z@) _M(@ﬂ)
0.0 Symmetric 20" X(cm) = 30x 30y ooy Ox Oy ’ )
d 490v 20u
FIG. 1. Computational model. w3 9y 30x
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The heat flux is assumed to obey Fourier’s law, and its depen-
dence on interspecies diffusivities is fully considered,

oT K oY; oT K oY;
= —k—— - iDi——, =—k— - iDi——,
q o P;h P kw P;h % (6)

where h; is the enthalpy of the ith species and T is the temperature.
The contribution of each species to the total energy is obtained by
using a mass fraction averaged enthalpy,

K
h=3" Yih, ™)
i=1
where
2
h-e+ P LY ®)
p 2

The dynamic viscosity g, thermal conductivity k, and mass
diffusion coefficients D; are evaluated by the Chemkin-II library”
linked to AMROC.

Finally, the perfect gas equation of state is used to close the
equations

K
Y;
p=pRY LT, )
= Wi

where R is the universal gas constant and W; is the molar mass of
each species.

C. Numerical methods

The parallel adaptive mesh refinement framework Adaptive
Mesh Refinement in Object-oriented C++ (AMROC)™ " based on
the Structured Adaptive Mesh Refinement (SAMR) approach™ has
been adopted to solve the reactive compressible Navier-Stokes equa-
tions. The time-operator splitting approach is utilized to decouple
hydrodynamic transport and chemical reaction source term numer-
ically by using Godunov splitting. This technique is most frequently
used for time-dependent reactive flow computations. The fifth-order
accurate weighted essentially nonoscillatory (WENO) scheme is
applied for discretization of the convective part of the NS equations,
while the sixth-order accurate Central Difference (CD) scheme
is used for the diffusion terms and the third-order Runge-Kutta
scheme is used for the temporal integration. The reactive source
term is solved by the VODE solver’’ within each cell. With the
adaptive mesh refinement method, AMROC can accurately resolve
the flame front, shock wave, and detonation, and thus has been

successfully applied to the extensive studies of combustion.”””*

D. Grid convergence

As shown in Fig. 2, four level refinement with refinement fac-
tors (2, 2, 2) is adopted in the present work, which can give the
finest mesh with the size of 3.125 ym by using the base mesh size of
25 ym, corresponding to more than 10 cells per flame thickness and
7 cells per induction length under current initial conditions. With
the appropriate refinement criterion, the flame, pressure waves, and
boundary layer are completely covered by the finest mesh so that
they can be adequately resolved. In addition, the verification of grid
convergence is conducted with three different minimum mesh sizes,
including 6.25 ym, 3.125 ym, and 1.5625 um, while the base cell size
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FIG. 2. Adaptive mesh refinement of four levels with refinement factors (2, 2, 2),

and the size of base mesh is 25 um, which gives the finest mesh size of
3.125 um.
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FIG. 3. Temporal evolutions of the flame tip position and pressure at the point
(x =2, z=0) with three different minimum mesh sizes (dXmin), 6.25 um, 3.125 um,
and 1.5625 um, respectively. The gray rectangular indicates autoignition occur-
rence at the point.

keeps 25 pym. Figure 3 shows the temporal evolution of the flame tip
position (FTP) and pressure at the point (X = 2.0 cm, Z = 0 cm)
with these three mesh sizes. The results indicate that a grid con-
verged solution is achieved with the finest mesh size of 3.125 ym and
1.5625 pm, while the mesh size of 6.25 ym produces a faster flame
propagation and earlier autoignition, so the mesh size of 3.125 ym
is adopted in the present work considering the computational
expenses. Further validation of grid resolution can be found in
Subsection 3 of the Appendix.

lll. RESULTS AND DISCUSSIONS

Figure 4 summarizes the entire process of flame propaga-
tion and detonation initiated by end-gas autoignition in the closed
channel, which can be concluded in terms of six stages,

) t=0-3 us, spherical flame;
) t=3-15 ys, finger flame;
(3) t=15-45.5 us, flame with its skirt touching the sidewalls;
) t=45.5-174.8 us, flame-pressure wave interactions;
) t =175 ps, end-gas autoignition induced by flame-pressure
wave interactions; and
(6) later, detonation initiation and development.
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finger flame flame-pressure wave interactions

autoignition

spherical ﬂameJ touching the sidewalls J

It should be noted that between two contiguous images only
the representative frames are selected to show flame propagation
and detonation development. An overall description regarding the
flame dynamics in the confined chamber is briefly presented here,
and the detailed analysis will be discussed later. First, after ini-
tialization by the hot kernel, the flame expands spherically, unaf-
fected by the sidewalls in the first stage. Then, the second stage
occurs as the flame approaches the sidewalls and changes from
spherical to finger shape due to the constraints of the walls. In the
third stage, the flame expands continually and the lateral sides of
the elongated flame touch the sidewalls, leading to the decrease of
flame surface area. It should be noted that in the first three stages,
flame configurations are in line with studies by Clanet”’ and Xiao
et al.,”**° while at the following three stages significant combus-
tion phenomena, induced by flame-pressure wave interactions in
the confined chamber, are observed in the present study. The fourth
stage occurs when the flame front meets the pressure wave gener-
ated by the flame acceleration and then reflected at the right wall.
The pressure wave propagates backwards and forwards in the closed
chamber and meets the flame front repeatedly, resulting in oscil-
lations of the flame speed and shape. Consequently, autoignition
occurs near the right end wall because of the increase in the local
temperature and reactivity caused by the reflections of the pres-
sure waves, and further results in the development of detonation,
which propagates to the left and causes high frequency and inten-
sity pressure oscillations in the chamber. In previous works,'****"
only a partial process could be observed and the entire mecha-
nism was not clearly understood until now. Therefore, this entire
flame propagation with detonation occurrence in the confined space
is reported in this work by 2D simulation, possibly for the first
time.

A. Flame dynamics in the confined chamber

The profiles of flame tip position and flame speed as a func-
tion of time are shown in Figs. 5 and 6, respectively. Note that the
flame tip is defined as the right most tip along the flame front. Gen-
erally, this tip is at the centerline at first three stages and coincides
with the tip of tulip cusp at later stages (as discussed below), whose
location is schematically identified by the dashed lines in Fig. 4. The
flame tip position is defined as the distance from the flame tip loca-
tion to the left side wall, and the flame speed is calculated based on
the temporal derivative of the flame tip position. It is shown that
in the first two stages the flame speed increases exponentially as
the flame tip position is an exponential function of time, consistent

: : e 9:23,26,63 . .
with previous studies.”””**’ The flame acceleration is determined
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FIG. 4. Identification of six stages in the entire process of
& flame propagation and detonation development. NF-normal
g flame, PPW-primary pressure wave, FTP-flame tip position.
3 Red and white arrows represent the propagation direction
of normal flame and primary pressure wave, respectively.

by the flame stretch. Basically, the flame expands at these two stages
and especially at the second stage, the flame front extends along the
x-direction continually because of the confinement of lateral walls,
which extremely increases the flame surface area and thus results in
faster energy release, consequently having a positive feedback on the

2.0 T T T
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FIG. 5. Temporal evolutions of flame tip position (box-solid line) and detona-
tion position (circle-solid line). The fitting formula is given in m-s units. Here,
A=12x1073,B=56 x 10°, C=2.6 x 10~*.
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FIG. 6. Temporal evolutions of flame speed (box-solid line) and detonation speed
(circle-solid line).
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K <i[ FIG. 7. Evolution of the flame front (isotherm at the temper-
z | - A 1 19us 135 e ature of 2000 K) during flame-pressure wave interactions at
01 b L i i i b selected times.

flame speed.” Then, pressure waves are generated from the acceler-
ating flame sequentially and overlap and coalesce with each other,
leading to the increase in the pressure wave intensity and further to
the development of the primary pressure wave, as shown in Fig. 4,
which dominates the flame-pressure wave interactions in the cur-
rent work, as discussed later. After the flame skirt touches the lateral
sides at about 15 s in the third stage, the flame quenches along the
sidewalls due to the absence of fresh mixture and thus the flame
surface area decreases, bringing about the deceleration of flame
speed.

The primary pressure wave propagates to the left after being
reflected by the right wall and consequently meets the flame front
at about X = 0.61 cm when the fourth stage starts. Figure 7 shows
the flame front evolution at this stage including three interactions
of the flame and the primary pressure wave at selected times. For
clear observation, the representative frames arranged in chronologi-
cal order during three interactions are separately put on the upper
half part in Fig. 7. The flame front evolution can be divided into
three stages in terms of its development during each interaction:
backwards propagation of the flame front, stretch of the flame front
at the boundary layer, and formation of the tulip flame. Specifi-
cally, at the first stage, after meeting the primary pressure wave
(not shown) propagating to the left, the flame front is strongly
pushed back, which causes the flame front to nearly become flat,
as shown from 43 to 54 us. At the second stage, the flame front at
the boundary layer is stretched gradually as a result of the contrary
constraints between the no-slip wall and pressure waves propagat-
ing toward left, which causes the flame near the sidewalls move
ahead of its rest part, as shown from 54 to 55 us. Subsequently, the
stretched flame near the walls is increasingly extended by the pri-
mary pressure wave propagating to the right after being reflected
at the left wall at the last stage, which results in the development
of two large cusps strongly moving toward right, as shown from
55 to 71 ps. The two cusps gradually draw close to the center-
line and consequently the tulip flame forms as shown at 91 ps.
Note that although it is a tulip flame not a finger flame that meets
the pressure wave during the next two interactions, the overall
flame shape evolution almost remains similar to the first inter-
action except more wrinkles are formed along the flame front.
The repeated interactions between the flame and pressure waves
result in the oscillations of the flame tip position and the flame
speed, as clearly shown in Figs. 5 and 6, respectively. Note that the

X

negative flame speed corresponds to the decrease of the flame tip
position as the flame front is pushed back by the pressure wave at the
first stage during each interaction as discussed above. The detailed
mechanism of flame-pressure wave interactions will be discussed in
Sec. 111 B.

Due to the repeated reflections of the pressure waves at the right
end wall, the temperature and reactivity of the end-gas near the right
wall both increase, resulting in the autoignition at about 175 us. As
shown in Fig. 6, the autoignition front (AIF) propagates to the left
at the speed of about 1900 m/s and develops into an overdriven
detonation, which will be clearly observed later, with the speed of
about 2300 m/s exceeding the local Chapman-Jouguet (CJ) detona-
tion speed of 1984 m/s for the mixture at a temperature of about
1230 K and pressure of 29 atm. Then, at the position of 1.7 cm, the
detonation wave meets the normal flame front and starts to deceler-
ate. This is because the fresh mixture has been consumed completely
by the normal flame and no chemical reaction can provide energy to
the detonation wave.

B. Pressure wave propagation and the mechanism
of flame-pressure wave interactions

The normal flame ignited by the hot kernel and autoigni-
tion in the end-gas region are separated in space but connected by
pressure waves; thus, the pressure wave generation and its prop-
agation in the closed chamber play a crucial role in the process.
The numerical schlieren images in Fig. 8 clearly show the process
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FIG. 8. Sequence of numerical schlieren images during the process of pressure
wave generation by the flame acceleration at early time.
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of pressure wave generation by the flame acceleration at early time.
As mentioned above, the flame front accelerates exponentially after
ignition and resembles an accelerating piston that compresses the
unburned mixture ahead of it, resulting in the generation of a series
of pressure waves. Because of consecutive multiple pressure wave
generations and reflections in the confined chamber, many crossed
structures are produced successively along the centerline, as shown
in Fig. 8. According to the thermodynamics, the temperature behind
the pressure wave is increased by compression, and thus the pres-
sure waves in the back propagate faster than in the front; thus, the
former will catch up with the latter and coalesce with them. This
can be determined by the leading pressure wave (LPW) propagation
from 6 ps to 10 ps. With the superposition of the pressure waves,
the intensity of the leading pressure wave is enhanced continually
and is consequently strong enough to dominate its interactions with
the flame, which is recognized as a primary pressure wave (PPW)
in the present work. However, the pressure waves are generated all
the time during flame propagation, and some pressure waves may
not catch up with the leading pressure wave and coalesce with it,
which are called secondary pressure waves here. It should be noted
that although the secondary pressure waves have only marginal
effects on the process of flame-pressure wave interactions owing
to their relatively weaker intensities, they can significantly influ-
ence the autoignition occurrence which is extremely sensitive to the
thermodynamics state, as discussed later. The pressure wave con-
figurations during the first and second flame-pressure wave inter-
actions can be clearly uncovered in Fig. 9 with numerical schlieren
images. It is noted that the shapes of pressure waves after interac-
tions extremely resemble that of the flame front. As can be seen,
when the pressure waves meet the normal flame at the first time, the
bow-shaped flame front results in the same shape of the transmitted
and reflected pressure waves (RPW2), while they show a structure of
two crossed bows at the second interaction because of the tulip flame
front.

There is no doubt that a wave diagram is a good choice to help
us in obtaining a more comprehensive understanding of the over-
all process of the flame-pressure wave interactions in the confined
chamber. Figure 10 shows the wave diagram constructed from the
numerical schlieren images, where the normal flame front, pressure
waves, and detonation wave can all be observed. The dotted arrows
are added for more explicit observation of the primary pressure
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FIG. 9. Sequence of numerical schlieren images during
the processes of the first and second flame-pressure wave
interactions. The red, blue, and magenta arrows denote
the propagation direction of primary pressure wave, normal
flame, and reflected wave, respectively.

0.6

-0.4
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wave. It should be noted that the points in the diagram are selected
along the centerline; thus, the profile of the flame front position is
different from that in Fig. 5. As can be seen, with the flame acceler-
ation, multiple pressure waves are generated from the flame front
and coalesce continually during propagation as discussed above.
The primary pressure wave propagates to the left (downwards in
Fig. 10) after being reflected at the right wall and interacts with the
flame front, sequentially producing the reflected waves propagating
reversely. Note that the “thickened” flame front at about 85, 130, and
170 us is caused by the meeting at the centerline of two cusps, which
produces a reverse cusp at the centerline as can be seen in Fig. 7.
Meanwhile, the collapse of the reverse cusp at the centerline results
in the acceleration of the flame position, as shown in Fig. 10. In addi-
tion, the period and the speed of the pressure wave propagation can
be evaluated from the diagram. According to the thermal dynamics,
the pressure wave propagation speed is faster for a higher temper-
ature, which can be clearly identified by the steeper slope of the
line in the burned mixture. With the flame propagation, the region
with a high temperature is enlarged increasingly, resulting in the
increase in the average pressure wave speed from about 800 m/s to

Phys. Fluids 31, 076106 (2019); doi: 10.1063/1.5099456
Published under license by AIP Publishing

2.0 9 e 4000
Reﬂected ) i
i pressure; @ " TR -
1.5 i owav \— My o ﬁfE
. ' j : | e}
by el |
—_ 3 {
2 1.04 Secondary 5y 5]
o] | &b
prcssurc A )
wave, ! =
i =
34 1 5]
i ! <
054 ¢ A
F flame
00 | i LL 0.0
0 100 150 200
Time (ps)
FIG. 10. Wave diagram.
31, 076106-7


https://scitation.org/journal/phf

Physics of Fluids

1000 m/s as well as the decrease in the period from about 50 us to
40 ps. Another interesting phenomenon, not clearly observed in
other images, is displayed from the wave diagram that the “pseudo
flame front” is pushed back much further by the detonation wave
compared to the flame-pressure wave interactions. It is called
“pseudo flame front” because a real flame front cannot exist as a
result of complete consumption of the fresh mixture by the deto-
nation development.

To further investigate the mechanism of tulip flame formation
during interactions in the confined space, Fig. 11 shows the temporal
evolution of flow velocity and pressure field around the flame front
during the first flame-pressure interaction. As can be seen at 44 s,
the flow velocity ahead of the flame front is horizontally toward the
right as a result of the expansion of combustion product before being
influenced by the pressure wave propagating to the left. Then, it is
continually reduced and even turns to the left after the primary and
secondary pressure waves pass through the field successively, which
results in the deceleration and backward propagation of the flame
front as shown from 46 s to 52 ys. Meanwhile, two reverse cusps
appear near the sidewalls, owing to the effect of the boundary layer.
In order to have a deep understanding of the phenomenon, Fig. 12
shows the profiles of flame front and velocity u at cross sections A, B,

1217 Temperature (K) 5793

44 ps 54 ps

46 ps val 56 ps

48 us

58 ps

50 ps 60 us

52 us 62 ps

—_————_
0.4 0.6 0.80.4 0.6 0.8
X (cm)

FIG. 11. Temporal evolutions of flow velocity and pressure field around the flame
front during the first flame-pressure interaction. The flame front is identified by the
isothermal lines of 1200 K—2700 K. The black and green arrows denote the prop-
agation direction of the normal flame and primary pressure wave, respectively.
Section A is located between the flame front and the primary pressure wave. Sec-
tion B is located at the front of the flame tip. Section C is located at the front of the
flame front at the boundary layer.
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FIG. 12. Profiles of the flame front and velocity u at the cross sections A, B, and
C corresponding to Fig. 11. Only upper half part is shown. The minus means the
velocity direction is toward the left. Note that the velocity u at multiple sections
closely ahead of sections B and C is also added for better observation of trend.
The flame front is identified by multiple isothermal lines.

and C corresponding to Fig. 11. Here, the boundary layer is defined
as the field whose velocity u at section A is less than 0.99 of its maxi-
mum. Note that the profile of velocity u is monotonously decreasing
from the centerline to the wall in the boundary layer at section A,
while they show the trend of increase first and then decrease at both
sections B and C. Actually, after the pressure waves are produced by
the flame acceleration, propagate to the right, and pass through the
field ahead of the flame front at the first time, the positive velocity
u distributed like that at section A is formed because of the vis-
cous effect and no-slip wall, as discussed in Refs. 46 and 49. Then,
the pressure waves are reflected at the right wall, propagate to the
left, and pass through the field once more, whose disturbance on
the flow velocity will be added into the existing distribution of that.
If one only considers the velocity distribution induced by the pres-
sure wave propagating to the left without the effect of no-slip wall, it
should be negative and uniform along the section. Therefore, when
this negative and uniform distribution is added into the profile of
velocity u with a decreasing trend in the boundary layer as shown at
section A, the field with smaller positive velocity u can obtain big-
ger negative velocity u, which produces the increasing trend from
the centerline to the region near the wall. On the other hand, the
velocity u at the wall should keep zero as a result of the no-slip con-
dition, which produces the decreased trend in the field close to the
wall. A similar trend of the velocity is also observed in Ref. 24, but
a further explanation is not given there. It should be noted that the
position of the reverse cusp of the flame front is nearly the same as
that of the turning point of velocity u in the boundary layer, which
indicates that the propagation of the flame front is mainly domi-
nated by the flow velocity ahead of it. The flame front close to the
wall can keep stationary, thanks to the smaller flow velocity, while
the rest part of it is pushed backwards owing to the bigger negative
flow velocity ahead of it. Because of these two opposite constraints,
the flame front near the wall is stretched continually as shown from
52 s to 56 ps, increasing the flame surface area and the heat release
rate. The oblique stretched flame sequentially makes the flow veloc-
ity ahead of it rotate a small degree anticlockwise, and this rotation
is further enhanced by the primary pressure wave propagating to

Phys. Fluids 31, 076106 (2019); doi: 10.1063/1.5099456
Published under license by AIP Publishing

31,076106-8


https://scitation.org/journal/phf

Physics of Fluids

the right. Consequently, the velocity turns to the centerline and the
right, increasingly accelerating and amplifying the stretched flame
near the walls in turn, which results in the formation of the tulip
flame finally. A great many mechanisms in the previous works™"***’
have been presented that can lead to the formation of the tulip flame,
such as the Taylor instability,”” effect of vortex in the burned gas,”"’
and Darrieus-Landau instability.”* In addition, the “distorted tulip”
flame, induced by the Rayleigh-Taylor instability regarding flame-
pressure wave interactions, is comprehensively investigated by Xiao
et al.”*”° as mentioned early. However, different from the works
cited above, the evolution of the tulip flame dominated by a com-
bined effect of the viscous boundary layer and pressure waves may
be found in the present study for the first time. Furthermore, it
should be noted that the adiabatic walls are applied here so that
the flame can exist in the fields close to the walls, while the flame
evolution may be distinct with the isothermal walls where a thermal
boundary layer can exist.”” On the other hand, the flame acceleration
rate can be reduced because of the heat losses,”® which can further
weaken the strength of pressure waves compared to adiabatic condi-
tion and consequently influence the process of flame-pressure wave
interactions.

C. Autoignition and detonation development
in the end gas

Owing to the multiple reflections of the primary pressure wave
at the right wall, the temperature and reactivity of the end gas
are increased gradually, which provides a favorable condition for
occurrence of autoignition. The profiles of temperature and pressure
along the centerline during autoignition and detonation develop-
ment are demonstrated in Fig. 13. As can be seen, the autoignition
takes place at the right end wall at about 175 ys, and before that, the
temperature of the end gas increases from 1000 K to around 1230 K.
Then, the autoignition front propagates to the left and subsequently
develops into a detonation wave with a steep increase in tempera-
ture and pressure. Because of the detonation development, the peak
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FIG. 13. Profiles of temperature and pressure along the centerline during autoigni-
tion and detonation initiation.
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pressure reaches up to over 200 atm, which is equivalent to that
of the superknock condition in engines. After the detonation wave
meets the normal flame front, its intensity decreases and the peak
pressure is reduced to 70 atm because the fresh mixture ahead of
it has been completely consumed by the normal flame and no heat
release can support the detonation.

Figure 14 shows the process of detonation development
induced by the autoignition. For clear observation, the images are
composed by the pressure gradient at the left half and the tempera-
ture contour at the right half. As can be seen, the autoignition zone
completely covers the end wall and near the corner regions at 175 s,
meanwhile local detonation kernels identified by the high pressure
gradient appear near the corners, ahead of which two leading pres-
sure waves are clearly captured as well close to the sidewalls. Note
that the leading pressure wave here is different from that mentioned
above in Fig. 8. With the leading pressure wave propagation, the pre-
heat zones are formed behind of them, which results in the spread
of autoignition along the sidewalls. At the same time, the detona-
tion kernels expand, propagating with the autoignition front formed
near the end all side by side, and consequently, they develop into a
detonation wave of concave shape at 175.4 ps. In addition, the cel-
lular structure at the detonation wave front is observed as shown in
Fig. 15, but it is not able to further develop because of its meeting
with the normal flame. As a result of the absence of fresh mixture,
the detonation wave degenerates to a shock wave as interacting with
the normal flame. Also, due to the hydrodynamic instability, vortices
are generated after the interaction of the shock wave and flame front
at 177 us.

However, it is curious that the detonation kernels are formed
near the corner regions at first. To figure out the underlying rea-
son, Fig. 16 shows the temporal evolutions of OH mass frac-
tions, temperatures, and ignition delay times at specific four points,
including (X = 2, Z = 0), (X = 1.95, Z = 0), (X = 2, Z = 0.1),
(X =1.95, Z = 0.1), which can represent the regions at the end wall
and near the wall, and at the corner and near the corner, respec-
tively. Note that the ignition delay time is evaluated by the Closed
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FIG. 14. Sequence of images composed by pressure gradient (left) and tem-
perature contour (right) during detonation development. HP-high pressure, AlF-
autoignition front, NF-normal flame, LPW-leading pressure wave, DW-detonation
wave, and PZ-preheat zone. The corresponding arrows indicate their propagation
directions.
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FIG. 15. Cellular structure of the detonation wave.

Homogeneous model in Chemkin PRO"’ with local temperature,
pressure, and species mass fractions at each time and point as initial
input parameters. The OH mass fractions selected here can identify
the reactivity of these regions. It is indicated that there are oscil-
lations in the temporal evolutions of OH mass fractions as well
as temperatures, but the average values are all increased gradually
with the primary pressure wave propagation, which consequently
reduces ignition delay times at these regions. After the fourth reflec-
tion of the primary pressure wave at about 165 s, the ignition delay
times all reduce to less than 10 ys, and sequentially, the tempera-
tures do not decrease like first three reflections but increase gradu-
ally, which causes the rapid decrease in the ignition delay times and
eventually autoignition occurrence. It means that the critical ther-
modynamics state has been reached after the fourth reflection of
the primary pressure wave so that any small disturbance is possible
to result in autoignition occurrence. However, the time of detona-
tion initiation at these regions cannot be identified clearly from this
figure.

To further investigate the mechanism in detail, the numeri-
cal schlieren images of pressure wave propagation from 165 us to
174.8 us are described in Figs. 17 and 18, which covers the fourth
reflection of the primary pressure wave at the right end wall and
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FIG. 16. Temporal evolutions of ignition delay times, OH mass fractions, and
temperatures at four points in the end-gas region.
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FIG. 17. Sequence of numerical schlieren images of pressure wave propagation at
the earlier stage before autoignition. The red, blue, and magenta arrows denote the
propagation direction of the primary pressure wave, normal flame, and reflected
wave, respectively. RWPW1-reflected weak pressure wave1. Sections C, D, and
E are located at x = 1.90, 1.95, and 2.0 cm, respectively.

other weak pressure wave propagation before autoignition. Mean-
while, the temperature profiles of three cross sections C, D, and E, at
X = 1.9, 1.95, 2.0 cm, respectively, are selected to identify the influ-
ence of pressure wave propagation on temperature distributions in
the end gas, as shown in Figs. 19 and 20. It is seen that the crossed
structures are developed because of multiple consecutive pressure
wave reflections at the sidewalls, as discussed above, which results in
the nonuniform distribution of temperature at these cross sections.
The temperature in different regions at the same cross section is
increased by turns as the crossed structures pass through them, and
there is not any fixed temperature difference among these regions at
all three sections before 173 us, as shown in Fig. 19. However, the
situation changes later. A reflected weak pressure wave (RWPW1) is
produced when the primary pressure wave meets the flame front,
and it propagates toward the right end wall at 171 us, as shown
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FIG. 18. Sequence of numerical schlieren images of pressure wave propaga-
tion at the later stage before autoignition. The red arrow denotes the propagation
direction of the normal flame, and the other arrows denote the direction of pres-

sure waves. WPW2-weak pressure wave2, RPW2-reflected pressure wave2, and
HT-high temperature.

=]

W

Phys. Fluids 31, 076106 (2019); doi: 10.1063/1.5099456
Published under license by AIP Publishing

31,076106-10


https://scitation.org/journal/phf

Physics of Fluids

E——X=20cm D----- X=195cm C------ X=1.9cm

1290 .

)

- 1280 3

T e - ]
s et B 270 ¢

1260 &

&

0.00 0.05 0.10 0.15 0.20

FIG. 19. Temporal evolution of temperature profiles at cross sections C, D, and E
in Fig. 17.

in Fig. 17. Then, RWPWI reaches the right end wall at about
173.6 us, as shown in Fig. 18, when the concave temperature dis-
tributions appear at the cross sections, which means the tempera-
ture at the sidewalls is slightly higher than that near the centerline.
After being reflected at the right end wall, RWPW1 propagates
to the left and meets another weak pressure wave (WPW2) at
174 ps. After that, the difference between the temperature at the
sidewalls and near the centerline is amplified continually, and con-
sequently, the obvious high temperature zones appear at the side-
walls near the corners at 174.8 ps. It should be noted that there
is another stronger reflected pressure wave (RPW2) produced by
the flame-pressure wave interaction, but autoignition takes place
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FIG. 20. Temporal evolution of temperature profiles at cross sections C, D, and E
in Fig. 18.
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before its arrival. Thus, it is the earlier autoignition occurrence near
the corner region that leads to the detonation initiation at first
there.

As a consequence, the higher temperature at the sidewalls than
the other region is the conclusive reason for the order of autoigni-
tion occurrence as well as detonation initiation in the present work.
Based on the above observation, there exist two possible causes for
this temperature difference. On the one hand, the 1D simulations
conducted by Terashima et al.” demonstrated that the wall reflec-
tions periodic of the compression waves produce a larger tempera-
ture increase at the wall compared to other end-gas points, which
further leads to the production of a larger amount of chemical
species. Similarly, because of the presence of the crossed-structure,
the pressure waves in the present work not only reflect at the end
walls but also reflect at the sidewalls, which can lead to a larger
temperature increase at the sidewalls. But there is no doubt that
this temperature increase is much less than that induced by the
reflections of primary pressure wave at the end walls. On the other
hand, as shown in Fig. 18, both RWPW1 and WPW?2 are concave
so that the side wall is compressed at first all the time during the
pressure wave propagation. As mentioned above, after the fourth
reflection of the primary pressure wave, the thermodynamics state
of the end gas has been promoted to a critical level, and the small
difference of compression time caused by the pressure wave shape
is extremely possible to earlier improve the reactivity dramatically
at the sidewalls and to further accelerate local heat release, which
consequently results in the earlier occurrence of autoignition at
the sidewalls. Note that the nonuniform temperature distribution
is totally caused by the pressure wave structures here, while in the
real engine condition, it can also be induced by the heat losses and
turbulence that are both negligible in the present work, which can
lead to the uncertainty of the position and time of autoignition
occurrence.””***”7* Specifically, heat losses to the walls often make
autoignition occur apart from the walls rather than at the walls
like in the current study.”””* As for turbulence, by affecting tem-
perature and species distributions, turbulent mixing can change
the reactivity gradient inside the hot kernel and thus can delay
autoignition/detonation transition and dramatically reduce detona-
tion strength.”””*”* In addition, by increasing the flame speed, tur-
bulence can change the competition between flame propagation and
autoignition. Chen et al.”” found that the faster flame propagation
with increased turbulence intensity can facilitate autoignition under
lower turbulence intensity and further increased turbulence inten-
sity can suppress knocking combustion. However, more detailed
effects of turbulence and hot losses need to be further investigated
in the future.

IV. CONCLUSIONS

In this work, the entire process of flame-pressure wave inter-
actions with end-gas autoignition and detonation development in
a confined chamber is comprehensively investigated by 2D numer-
ical simulations with a reduced chemical kinetics mechanism of
H,. Six stages, including a spherical flame, a finger flame, a flame
with its skirt touching the sidewalls, flame-pressure wave interac-
tions, autoignition induced by flame-wave interactions, and det-
onation development, are distinguished in the overall process for
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the flame propagation in the confined space. The simulations sug-
gest that the violent oscillations of the flame shape and speed are
induced by the flame-pressure wave multi-interactions in the con-
fined chamber. Three stages of the flame shape evolution dur-
ing each flame-pressure wave interaction are observed in the
present work, which includes backward propagation of the flame
front, stretch of the flame front at the boundary layer, and for-
mation of the tulip flame. The results show that the combined
effects of the viscous boundary layer and pressure waves, where
the former makes the flame front keep stationary and the lat-
ter pushes the flame back, determine the formation of the tulip
flame.

The crossed structures are observed because of consecutive
multiple pressure wave generations by the flame acceleration and
reflections at the sidewalls. It is indicated that the leading pres-
sure wave is strengthened by the superposition with the pressure
waves behind it and dominates the flame-pressure wave inter-
actions, while the weak pressure waves that do not catch up
with the leading pressure wave have only marginal effects on
the interactions, but they can significantly influence the autoigni-
tion occurrence. It is also found that shapes of pressure waves
after interactions with the flame front extremely resemble that
of the flame front. In addition, the results show that the veloc-
ity distributions in the boundary layer show the trend of increase
first and then decrease after the pressure waves pass the fields
twice in the opposite directions. The wave diagram, including the
flame front, primary pressure wave, secondary pressure waves,
reflected waves, transmitted waves, and detonation wave, provides
an integral understanding of the pressure wave propagation and
flame-pressure wave interactions in the confined chamber.

The temperature and reactivity of the end gas are increased
by the multiple reflections of the primary pressure wave at the
right wall, which leads to the decrease in the local ignition delay
time. It is shown that the thermodynamics state of the end gas
has been promoted to a critical level after the fourth reflec-
tion of the primary pressure wave and is extremely sensitive to
even small disturbances. As a result, the autoignition and det-
onation initiation occur near the corners at first and then take
place at the right end wall because of the slightly nonuniform
temperature distributions induced by the specific pressure wave
structures.

ARTICLE scitation.org/journal/phf

ACKNOWLEDGMENTS

The work was supported by The Key Program of the National
Natural Science Foundation of China (Grant No. 91641203)
and National Natural Science Foundation of China (Grant No.
91741119). This paper was supported by the opening project
of State Key Laboratory of Explosion Science and Technology
(Beijing Institute of Technology), the opening Project No. KFJJ18-
09M. Special thanks to Dr. Xiaodong Cai at the National University
of Defense Technology for his guidance and help in the numerical
codes.

APPENDIX: DISCUSSIONS ON NUMERICAL
SIMULATION

1. Effects of initial temperature and pressure
on autoignition and detonation development

Simulations with different initial temperatures and pressures
are conducted to investigate their effects on the process of autoigni-
tion and detonation development. Figure 21 shows the tem-
poral histories of the temperatures and pressures at the point
(x = 2, z = 0) under different initial conditions. It should be noted
that autoignition does not take place at To = 900 K, and the case
acts as a reference. The results show that compared to the initial
pressure, the initial temperature has a predominant influence on the
autoignition time. The higher the initial temperature is, the earlier
the autoignition occurs. It can be clearly identified that the maxi-
mum amplitudes of the pressure oscillations are larger in the cases
with autoignition and detonation development, which is consistent
with knock occurrence in engines.

2. Effects of dimensions on flame-pressure
interactions and detonation development

A simulation with the same boundary conditions and aspect
ratio but larger dimensions of / = 8 cm and d = 0.8 cm is also con-
ducted. As shown in Fig. 22, the entire process of flame-pressure
wave interactions and especially the formation of the tulip flame
are qualitatively similar to that in smaller dimensions. However,
except detonation development at the end wall, spherical detona-
tion waves (SDWs) initiated by autoignition ahead of the flame
front are also observed in the lager dimensions, as shown in Fig. 23.
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FIG. 22. Entire process of flame propagation and detonation development with
dimensions of / =8 cm and d = 0.8 cm.

4] j
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FIG. 23. Sequence of images composed by pressure (left) and temperature con-
tour (right) during detonation development with dimensions of / = 8 cm and
d = 0.8 cm. AlF-autoignition front, NF-normal flame, SW-shock wave, DW-
detonation wave, and SDW-spherical detonation wave. The corresponding arrows
indicate their propagation directions.

The collision of these detonation waves results in a stronger peak
pressure in the channel. But the detailed process of the autoignition
and detonation development is not analyzed here, and we mainly
discuss the possible causes responsible for this difference. As men-
tioned above, the thermodynamics state of the end gas has been
promoted to a critical level before autoignition and is extremely
sensitive to even small disturbances. With larger dimensions, many
factors, including the moments of flame-pressure wave interactions,
intensity of pressure waves, flame shape, pressure wave structures in
the end gas, and so on, can be different from the smaller dimensions
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FIG. 25. Detonation cellular structure at To = 1100 K, Py = 10 bars.

and have an influence on the reactivity of end gas before autoigni-
tion, which further results in different autoignition modes here.
Actually, knocking combustion under real engine conditions often
has different intensities,'”'>** which can correspond to different
autoignition modes such as autoignition without detonation, devel-
oping detonation, collision of multiple detonation waves, and so on.
This uncertainty can be induced by turbulence, inhomogeneity, as
well as dimensions here.”””” "> However, pressure wave propagation
and reflection as discussed in the present work can play an important
role in all these modes.

3. Grid resolution

To further validate the grid resolution, Fig. 24 shows 1D flame
internal structure at the centerline extracted from 2D data at 34 ys.
As can be seen, the distributions of temperature and species mass
fractions along the flame front can all be reasonably resolved under
current resolution. In addition, a case with Ty = 1100 K is also con-
ducted as discussed in Subsection 1 of the Appendix, where the ear-
lier autoignition provides enough unburned mixture for detonation
development; thus, the regular cellular structure is clearly captured,
as shown in Fig. 25. Therefore, the present resolution may not be
able to resolve the finest structure of the detonation wave; however,
it can give a fully reasonable description of the phenomenon focused
in the present work.
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