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a b s t r a c t

Using one-dimensional numerical simulation, the interactions of flame propagation, auto-ignition and pres-

sure wave during various knocking combustion scenarios are systematically investigated, for stoichiometric

H2–air mixture fueled in a closed constant volume reactor. Different types of auto-ignition and pressure mu-

tation are identified with various initial temperatures. It is found that as initial temperature increases, there is

a transition for the auto-ignition (AI) position from the near-wall region to the region ahead of SI flame front,

resulting in distinct pressure mutation and knocking intensity. Further analysis on sequential knocking com-

bustion demonstrates that knocking intensity not only corresponds to the initial auto-ignition events induced

by thermal inhomogeneity, but also to the subsequent interactions of flame front propagation, as well as AI

spots initiation and pressure wave generation. Consequently, more intense pressure mutation could result

from the developing detonations. Finally, the mechanism of AI occurrence and AI development is identified,

which demonstrates the essential role of pressure wave disturbance in the formation of thermal inhomo-

geneity and detonations.

© 2015 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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. Introduction

Recently engine downsizing with supercharging technology has

ecome increasingly attractive in spark-ignited (SI) engines because

f its higher thermal efficiency and lower emissions [1]. However,

he required increments in Brake Mean Effective Pressure (BMEP) in-

uce severe thermodynamic conditions, which promote the possi-

ilities of abnormal combustion phenomena prior to or during en-

ine combustion, such as knock or super-knock [2–3], both of which

re supposed to be induced by auto-ignition (AI) events during pre-

ixed combustion. Auto-ignition originates from a single or multi-

le hot (or cold) spots by which a combustible mixture reacts in a

elf-accelerating manner, and eventually becomes explosive, lead-

ng to fully fledged combustion followed by intense pressure muta-

ions [4]. Although extensive numerical and experimental work has

een done, there is still lack of understanding on the generation of

he strong pressure wave during knocking combustion and the pro-

ess of detonation development in such limited space during engine

ombustion [5].
∗ Corresponding author. Fax: +862227402609.
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Recent study on knocking combustion can be traced to the flame

ropagation and end-gas auto-ignition with thermal and concentra-

ion stratifications in the charge. A pioneering work by Zel’dovich

6] pointed out that there are different combustion modes for a

ame front propagating in the charge with non-uniform reactivity.

ater, Bradley, Gu and Kalghatgi [7–9] developed a theoretical rela-

ion based on a group of dimensionless parameters (ξ , ε), represent-

ng the normalized temperature gradient and the ratio of acoustic

ime to excitation time respectively, to describe the limits of devel-

ping detonation mode based on H2–CO–air and H2–air mixtures.

riffiths [10] and Dai et al. [11] studied the negative temperature

oefficient (NTC) behavior of end-gas auto-ignition, suggesting the

ssential role of AI heat release and pressure wave in subsequent

volution of combustion behaviors. However, due to the artificially

ntroduced temperature gradients and lack of modeling SI flame

ropagation, the influence of flame front propagation on end-gas

uto-ignition and their interactions have been neglected in most of

hese investigations.

To study the interactions of flame front propagation and end-

as auto-ignition, Pitz and Westbrook [12] firstly examined the

ransient behavior of a laminar reaction front propagating into the

uto-igniting mixture near the wall region, and found that high heat

elease rate during end-gas auto-ignition could generate strong pres-

ure waves. Further, Martz et al. [13–14] performed one-dimensional

http://dx.doi.org/10.1016/j.combustflame.2015.11.030
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
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(1D) steady and unsteady numerical simulations for a laminar reac-

tion front propagating into an auto-igniting mixture, and found that

the reaction progress of end auto-igniting mixture significantly influ-

ences the combustion regime transitions of propagating flame fronts.

Unfortunately, the physics related to transient pressure waves was

not accounted for in their models. A numerical work by Ju et al. [15]

suggested that there are at least six different combustion regimes

at near NTC temperatures during the dynamic interactions between

flame front propagation and end-gas auto-ignition. However, the

mechanism of strong pressure wave generation and the subsequent

influence on flame front dynamics was not addressed.

The interactions of flame front propagation, end-gas auto-ignition

and pressure wave are very complicated but extremely crucial during

knocking combustion, which affect the characteristics of local pres-

sure mutation, combustion regime transitions and knocking inten-

sity. Robert et al. [16] used 15 LES cycles of a high load/low speed

SI engine operations to visualize the knocking and super-knocking

combustion, and found that the coupling of pressure wave, AI spots

and AI heat release may contribute to a deflagration to detonation

transition (DDT). However, the empirical models utilized in their

three dimensional (3D) simulation prevent a deeper physical under-

standing on the detailed processes for such interactions. A 1D di-

rect numerical simulation was performed by Terashima et al. [17] on

the pressure wave induced by the end-gas auto-ignition. However,

an essential process of transient pressure mutation resulting from

the flame front-wave interaction was not demonstrated. Addition-

ally, the actual physical process for flame front propagation, end-gas

auto-ignition and pressure (or shock) wave during knocking combus-

tion spans up to 12 orders of magnitude in terms of the time scale

[18], it is reasonable to utilize an advanced algorithm like adaptive

mesh refinement to improve numerical fidelity and computational

efficiency.

This study aims to demonstrate the underlying mechanism dur-

ing the interactions of flame propagation, auto-ignition and pres-

sure wave during knocking combustion, with special emphasis on

auto-ignition occurrence and pressure mutation generation. The pa-

per was organized as follows. Flame front initiation, propagation

and AI generation in constant volume reactor filled with homoge-

neous stoichiometric H2–air mixture were firstly studied under dif-

ferent initial temperatures to visualize various scenarios of engine

knocking combustion. Then the sequential interactions of flame front

propagation, auto-ignition and pressure wave were discussed, fol-

lowed by analysis based on the evolution of thermodynamic con-

ditions, different velocity scales associated with each phenomenon,

and the temperature inhomogeneity. Finally, to demonstrate the es-

sential role of pressure wave in the formation of thermal inhomo-

geneity and detonation wave, the effects from chamber lengths and

thermodynamic states of local mixture in flame preheat zone were

analyzed.

2. Methodology and models

2.1. Governing equations

In order to resolve the multi-physical problem involving flame

propagation, auto-ignition and pressure wave, a time-accurate and

space-adaptive numerical solver for Adaptive Simulation of Un-

steady Reactive (A-SURF) is used to perform high-fidelity numeri-

cal simulations. The unsteady Navier–Stokes equations and the en-

ergy and species conservation equations for a multi-components

reactive mixture in a 1D rectangular coordinate are solved in the

A-SURF [19]:

∂U

∂t
+ ∂F (U)

∂x
= ∂Fv(U)

∂x
+ SR (1)
here the vectors U, F (U), Fv(U) and SR are defined as:

U =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

pY1

pY2

·
·
·

pYN

pu
E

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

, F (U) =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

puY1

puY2

·
·
·

puYN

pu2 + P
(E + P)u

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

,

Fv(U) =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

−puY1V ′
1

−puY2V ′
2

·
·
·

−pYnV ′
n

τ
q

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

, S =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

ω
ω
·
·
·

ωn

0
0

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

(2)

Here ρ is the density, u the flow velocity and E the total energy

er unit volume, and YK , V ′
K and ωK are the mass fraction, diffusion

elocity and production rate of specie K, respectively. The production

ate of species K, ωK , due to chemical reaction is specified via collec-

ion of elementary reactions using a CHEMKIN compatible database

20]. The mixture-averaged method is employed to calculate diffu-

ion velocity and the Soret diffusion effect of H and H2 is considered.

n the momentum equation, P is hydrostatic pressure and τ is viscous

ress tensor represented by τ = μ(2S) − 2
3 μ(∇ · u)δ, where μ is the

iscosity of the mixture and S the symmetric strain rate tensor. In the

nergy conservation equation, the total energy, E, is defined through

E = −P + pu2

2
+ ph, h =

∑K=n

K=1
(YKhK ),

K = h(K,0) +
∫

1
T0

CP,K(T )dT (3)

here T is the temperature, hK the enthalpy of species K, hK,0 the

pecies enthalpy of formation at the reference temperature T0 and

P,K the specific heat of species K at constant pressure. The heat flux

is defined as

= −λ∇T + ρ
∑K=n

K=1

(
hkYkV ′

K

)
(4)

here λ is thermal conductivity of mixture.

A-SURF has been successfully used in the research of auto-

gnition, flame propagation, shock wave propagation and detonation

ombustion, and the more details on numerical schemes and code

alidation can be found in the paper [11,19,21–22].

.2. Numerical methodology

During the simulations, the second-order accurate, Strang split-

ing fractional-step procedure is adopted in order to separate the

ime evolution of stiff reaction term from that of the convection and

iffusion terms. In the first fractional step, the non-reactive flow is

esolved and Runge–Kutta, MUSCL-Hancock and central difference

chemes, all with second-order accuracy, are employed to calculate

emporal integration, convective and diffusion flux, respectively. The

econd fractional step is to solve the chemistry term using the VODE

olver. Meanwhile, a multi-level algorithm with adaptive mesh re-

nement has been applied based on the first-order and second-order

radient of temperature, velocity and major species distributions to

uarantee adequate numerical resolutions for the propagating flame

ront, end-gas auto-ignition and pressure waves [23]. Moreover, a

nest mesh of 1 μm and the corresponding time step is 8×10−11 s

s utilized in the current work.
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Fig. 1. Schematic of the constant volume reactor.
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Fig. 3. Transient SI flame speed as a function of spatial position.
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.3. Physical model

A 1D planar constant volume reactor is modeled to represent the

ombustion chamber for a SI engine piston located at the top dead

enter (TDC). It should be noted that this work is mainly to under-

tand laminar combustion regime, so turbulence is not considered.

ymmetric boundary condition is used at the centerline of the reactor

nd the length of the computation domain is reduced to L =4.0 cm.

diabatic and reflective boundary conditions are utilized for wall

oundaries. Initially, a 1.0 mm-thick artificial hot spot with average

emperature of 1450 K is created at the left boundary, which is sur-

ounded by quiescent homogeneous H2–air mixture at initial tem-

erature of Ti =700–1100 K, fixed initial pressure of P0 =4.5 atm and

quivalence ratio of φ =1.0. Then a flame front induced will propa-

ate towards the wall side. AI spots may take place in the unburned

egion near the flame front or by the wall side, depending on the local

emperature and pressure history. It should be noted that in addition

o the initial temperature of the mixture, the initial temperature of a

ot spot also affects combustion process, especially for the initiation

f the flame front, which is nevertheless beyond the scope of the cur-

ent research. The schematic of the constant volume reactor is shown

n Fig. 1. The chemical kinetic mechanism adopted here is an updated

omprehensive H2 kinetic model for high-pressure combustion [24],

hich has been tested against a wide range of combustion targets

ncluding recent high-pressure flame speeds data, with updated rate

onstants.

. Results and discussion

.1. Propagation of deflagration and auto-ignition initiated detonation

Figure 2 shows the profile of a flame front propagating in the reac-

or at different initial temperatures of Ti =700, 1000 and 1050 K. Here,

he flame front is defined as the position with local peak heat release

ate. It is observed that for the Ti =700 K case, a flame front gradu-

lly propagates towards the right wall with a mean deflagration flame
Fig. 2. Profile of flame front propagation at different initial temperatures.
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peed of 24 m/s, and oscillates due to the pressure waves, as shown in

ig. 3 where the transient SI flame speed at different spatial positions

s presented. This pressure wave propagates backward and forward

n the closed reactor, which decreases or increases the flame front

peed, depending on its propagation direction. The phenomena of

ressure fluctuations occur in various closed combustion apparatuses

25–26]. No end-gas auto-ignition occurs throughout this process, as

hown by the nearly straight O–A line. However, when Ti is increased

o 1000 K, an AI spot occurs at the wall before the arrival of SI flame

ront, and then an AI reaction front develops to a detonation wave and

tarts to propagate supersonically towards the SI flame front, with a

onsiderably higher propagation speed of 1624 m/s. Therefore, the

ntire mixture in the reactor is almost equally consumed by both SI

ame and AI reaction front, as shown by the lines of O–B2 and B1–

2. When Ti is further increased to 1050 K, AI spots not only occur at

he wall, but also at the region ahead of the SI flame front, such that

he entire reactive flows are divided into three parts: normal SI flame

ront (labeled by O–C1), the first AI reaction front (ARF1, labeled by

1–C3) and the second AI reaction front (ARF2, labeled by C2–C3),

ith the propagation speed of around 66, 1807 and 1808 m/s, respec-

ively. The initial laminar flame regime first consumes about a quar-

er of the total mixture in the chamber, and the two AI reaction fronts

onsume equally on the remained mixture.

These observations basically indicate the significant influence of

nitial temperature on different reaction fronts in the chamber, in-

olving regular flame front propagation subject to pressure fluctua-

ions, and the fast detonation wave propagation. AI spots can be gen-

rated both ahead of the reaction front and in the end-gas at the wall.

nvestigations on the sequential process of these physical quantities

ay give insights on the mechanisms of AI spots generation and the

ransition of deflagration to detonation.

.2. Pressure mutation and knocking intensity

To illustrate the effect of initial temperature on knocking intensity,

he histories of mean thermodynamic states, i.e., pressure and tem-

erature, for the region of x = 3.8–4.0 cm at different initial tempera-

ures are presented in Fig. 4(a) and (b). It shows that the SI flame front

ropagation acts as an adiabatic compression piston and increases

he end-gas pressure and temperature. Once the SI flame front (or

ew-generated AI reaction front) sweeps the local mixture, its pres-

ure and temperature instantaneously reach the corresponding equi-

ibrium pressure (Pe) and equilibrium temperature (Te). For the cases

f Ti =700 and 800 K, the entire pressure and temperature histo-

ies are relatively smooth without obvious oscillations, which can be
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Fig. 4. (a) Mean pressure and (b) mean temperature histories of different initial tem-

peratures for the region of x = 3.8–4.0 cm.

Fig. 5. Temporal sequences of strong pressure wave for initial temperature of Ti =
1050 K.

Fig. 6. Knocking intensity as a function of initial temperature from Ti = 700–1100 K.
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regarded as knock-free combustion process. With further increases

in the initial temperature, auto-ignition will occur locally before the

arrival of the SI flame, leading to intensive pressure mutation and

strong pressure waves in the end-gas region. Additionally, the onset

of pressure oscillation occurs earlier with increasing initial temper-

ature, with non-monotonicity in the magnitude of pressure oscilla-

tions, i.e., the magnitude of pressure oscillation of Ti =900 K is even

larger than that of Ti =1000 K.

It should be noted that the mean pressure and temperature his-

tories indicate the global knocking intensity for the region of inter-

est [27]. However, to clearly identify the AI spots position and the

pressure mutation, accurate temporal resolutions for thermodynamic

conditions are necessary. To illustrate this, Fig. 5 shows the evolution

of two series of strong pressure waves in the reactor with an initial

temperature of Ti =1050 K. It is clearly observed that pressure muta-

tion not only occurs at near-wall region, but also at the region ahead

of SI flame front, such that two strong pressure waves propagate re-

versely, and finally collide with each other at x ≈2.6 cm, leading to

a more intense pressure mutation with a magnitude of over 75 atm.

Clearly, this physical process has not been captured from the histories

of mean pressure and temperature discussed above.

To quantify the pressure mutation characteristics, a knocking in-

tensity P̄KI is introduced based on the equilibrium pressure Pe and

maximum pressure Pmax:

P̄KI = Pmax/Pe (5)
here Pe is determined from the time history of maximum pressure

nd Pmax can be chosen either based on the mean value for the end-

as region of x = 3.8–4.0 cm shown in Fig. 4 or during the evolution

f whole combustion process throughout the domain shown in Fig. 5.

The results of knocking intensity at different initial temperatures

re shown in Fig. 6, where both the integral and the transient results

re shown. It is observed that for the integral data labeled by O-A-B-C,

he knocking intensity at Ti =900 K exhibits a similar value with that

f Ti =1050 and 1100 K, even though the AI occurrence of Ti =900 K

ase is much later. This observation basically agrees with the previ-

us findings that the knocking severity is not necessarily sensitive to

he burned mass fraction (BMF) by end-gas auto-ignition [28]. For the

ransient form of knocking intensity labeled by O’-A’-B’-C’, the varia-

ion shows strong non-monotonicity as initial temperature increases

eyond 900 K, i.e., the knocking intensity of Ti = 900 K reaches up

o P̄KI ≈ 7, larger than that of Ti = 950 and 1000 K, corresponding to

K̄I ≈5.3 and P̄KI ≈ 4.8, respectively.

.3. Interaction of flame fronts and pressure waves

Figure 7 shows the sequential profiles of pressure, temperature

nd heat release rate as well as their phase contours described by x −
plane for initial temperature of Ti =900 K, where the ARF denotes AI

eaction front. It is observed from Fig. 7(a) that before SI flame arrival,
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Fig. 7. Sequential profiles of (a) pressure, temperature and heat release rate, and (b)

temperature (K) and pressure (atm) contours by x − t plane for Ti = 900 K.
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Fig. 8. Transient speed of SI flame front, AI reaction front and sound speed ahead of

reaction fronts for Ti = 900 K.

Fig. 9. Temporal evolution of temperature and pressure of the mixture at right wall for

Ti = 900 K.
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n AI spot starts to occur at the near-wall region, followed by a pres-

ure mutation and strong pressure wave propagation. Then the strong

ressure wave couples with the AI reaction front to form a detonation

ave, propagating towards the SI flame front, with a much higher

peed compared to the SI flame. Meanwhile, the heat release rate of

he AI reaction front is three orders of magnitude higher than that

f the SI flame front, consequently showing a much stronger thermal

xpansion effect. Due to the stronger compression waves from the

nd-gas, the SI flame front propagates forward more slowly and even

oes backwards. Compared to the SI flame front, the AI reaction front

eems to exhibit an accelerating behavior, without being affected by

he thermal expansion of the SI flame. Detailed evolution of end-gas

uto-ignition and pressure wave development can be further found

n Fig. 7(b). It is observed that obvious local temperature gradients

re first induced at near-wall region before the end-gas auto-ignition,

nd the AI reaction front starts to propagate inversely to the SI flame

ront, while generating pressure waves. Sequentially, the pressure

ave becomes increasingly stronger, and eventually an intense pres-

ure mutation is formed at x ≈3.8 cm near the wall region.

Due to the inherently different physics, the velocity scales asso-

iated with the flame front propagation, pressure wave and auto-

gnition of the local mixture are largely different. Figure 8 shows the

ransient propagation speed of SI flame front, AI reaction front and

ocal sound speed ahead of reaction front. It is observed that before

nd-gas auto-ignition, the pressure wave propagate backward and

orward with a local sound speed of around 800 m/s. Consequently,

he profile of SI flame front propagation exhibits an oscillating be-

avior as in the case of Ti =700 K, but with a mean deflagration flame

peed of 35 m/s. On the contrary, the AI reaction front propagates

uch faster. Once auto-ignition occurs, the corresponding reaction
ront could propagate at a speed up to over 1200 m/s, still much lower

han a fully developed steady CJ detonation speed of about 1900 m/s

or the same mixture under 4.5 atm and 900 K, indicating the lack

f sufficient domain for its transition. Temperature and pressure his-

ory of the local mixture near the wall is further plotted to show the

ffect of the fluctuations of the thermodynamic conditions on the oc-

urrence of auto-ignition, as show in Fig. 9. It is observed that before

uto-ignition, the local mixture has been disturbed by pressure wave

y 9–10 times, and for each time, the local temperature and pres-

ure will be increased by the reflection of the pressure wave from the

all. Due to the inherent sensitivity of chemical reactions to temper-

ture and pressure, these fluctuations make ignition much faster than

nder constant state conditions, demonstrating the significant effect

f pressure wave on the end-gas auto-ignition process. On the other

and, the occurrence of auto-ignition near the wall in turn generates

ressure wave with much higher magnitude, which further affects

he SI flame propagation.

Figure 10 shows the sequential profiles of pressure, temperature

nd heat release rate and the phase diagram of pressure and temper-

ture for Ti=1050 K. It is observed from Fig. 10(a) that AI spots si-

ultaneously take place not only at the near-wall region, but also at

he position ahead of SI flame front. Violent heat release from these

I spots then generates two series of pressure wave and forms two

etonated AI reaction fronts propagating towards each other, with

ncreasing magnitudes of temperature and pressure. These two re-

ersely propagating reaction fronts eventually collide with each other
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Fig. 10. Sequential profiles of (a) pressure, temperature and heat release rate, and (b)

temperature (K) and pressure (atm) contours by x − t plane for Ti = 1050 K.

Fig. 11. Transient reaction front speed and sound speed ahead of the different reaction

fronts for Ti = 1050 K.

Fig. 12. Temporal evolution of temperature and pressure of the mixture at the wall for

Ti = 1050 K.

f

o

e

t

t

b

a

s

n

F

a

w

a

d

p

b

r

t

F

a

t

a

s

c

at x ≈2.6 cm, leading to an intense local pressure mutation through

wave superposition. It is noted that the duration of the pressure wave

is typically the transit time across the detonation, as also shown in

[29]. Complete physical process for AI generation and the interactions

between reaction front and pressure wave can be found in Fig. 10(b).

In this case, the complicated combustion scenario could be further

decoupled, namely, wave–wall interaction at the wall, wave–wave

interaction by superposition effect and reaction fronts–wave inter-

action, and these processes interact with each other thermodynam-

ically and/or chemically. It should be noted that the initial pressure

mutation directly induced by auto-ignition is not as severe as that

in the case of Ti =900 K, but the later developed pressure mutation

becomes much more intense as a result of the wave interactions.

To further illustrate the combustion characteristics of both AI re-

action fronts for Ti=1050 K, transient reaction front speed and local

sound speed just ahead of the reaction front are presented in Fig. 11.

It is observed that at the beginning, the SI flame front propagates at

a deflagration speed, with a strong oscillation due to the disturbance

caused by the pressure wave in the closed reactor. Then two AI reac-

tion fronts are initiated at different locations, and then quickly tran-

sit across sonic and develop into supersonic detonation modes from

the coupling between pressure wave and reaction front. This detona-

tion speed could be over 2200 m/s, reaches maximum in the high-

pressure wave collision zone, even higher compared to the CJ det-

onation speed of 1950 m/s for stoichiometric H2/air mixture under

1050 K and 10 atm. This might result from the elevation of local ther-

modynamic conditions during the wave interactions and the feeding

of reactive radicals prepared by auto-ignition to the detonation wave
ront. Furthermore, temporal evolutions of temperature and pressure

f the mixture at the wall are presented in Fig. 12, to illustrate the

ffect of pressure wave on the end-gas auto-ignition. It is observed

hat due to the much faster reaction front propagation compared to

he Ti=900 K case, the pressure wave has been reflected at the wall

y only twice before auto-ignition, followed by much larger pressure

nd temperature fluctuations thereafter.

When initial temperature is further increased to Ti=1100 K, AI

pots only take place at the position ahead of SI flame front and

o auto-ignition event occurs at the near-wall region, as shown in

ig. 13. In this case, an AI spot occurring at x ≈ 0.25 cm results in

considerable local pressure mutation and subsequent pressure

ave propagation. Then an AI reaction front is initiated and quickly

ccelerates due to the coupling with pressure wave, and eventually

evelops into a steady supersonic detonation wave with a pressure

eak of Pmax ≈35 atm. The entire mixture in the reactor is consumed

y the fast propagating reaction front, and finally the strong wave is

eflected at the wall, with a pressure increase by a factor of 2. The

ransient reaction front speed and local sound speed are shown in

ig. 14, which indicates that after the occurrence of auto-ignition

head of the SI flame front, flame speed transitions from deflagration

o detonation mode with a propagation speed of up to 2300 m/s,

gain higher than the corresponding CJ detonation velocity for

toichiometric H2/air under similar thermodynamic conditions. This

ombustion process may also occur in controlled auto-ignition (CAI)
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Fig. 13. Sequential profiles of (a) pressure, temperature and heat release rate, and (b)

temperature (K) and pressure (atm) contours by x − t plane for Ti = 1100 K.

Fig. 14. Transient reaction front speed and sound speed ahead of the reaction fronts

for Ti = 1100 K.
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Fig. 15. Temporal evolution of temperature and pressure of the mixture at the wall for

Ti = 1100 K.

Fig. 16. Evolution of the integrals of dimensionless temperature difference.
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ngines where the mixture is sufficiently reactive to support a devel-

ping detonation [30]. Although no auto-ignition occurs in near-wall

egion for this case, the temporal evolution of temperature and

ressure of the mixture at right wall are still shown in Fig. 15. It is ob-

erved that unlike previous cases, the local mixture is not disturbed

y pressure wave, such that the temporal temperature and pressure

f local mixture stays constant before the arrival of AI reactive front.

his is due to the fact that the AI reactive front generated at the flame
ront quickly develops into detonations and propagates so fast that

he pressure wave is caught up with before reaching the wall region.

With the combustion scenarios at different initial temperatures

iscussed above, a first major phenomenon is the auto-ignition pro-

ess of the mixture near the wall. Contrary to the constant-state ig-

ition occurs in shock tubes and rapid compression machines, the

hermodynamic condition of the end-gas is strongly affected by the

uctuations caused by the pressure wave, when the initial tempera-

ure is not too high (below 1100 K). In other words, it is necessary to

valuate the thermal inhomogeneity of mixture induced by pressure

ave propagation at the near-wall region. Here, an integral of dimen-

ionless temperature difference (ITD) has been utilized to quantify

he inhomogeneous temperature distributions [17]:

TD = 1

Ti

t

∫
0
(Tx=4.0 − Tx=3.8)dt (6)

here Ti is the initial temperature at the time of t =0, Tx= j the tem-

erature at x = j cm and t is the elapsed time. The ITD represents

he accumulation of temperature difference between the two points

f interest, and the higher the ITD, the larger the inhomogeneity of

patial temperature distributions.

Figure 16 shows the results of integral evolution of dimensionless

emperature difference for initial temperature of Ti =700–1100 K. It

s observed that for all cases with pressure wave disturbance, the ITD

hows a positive value, indicating that the temperature at the wall

x =4.0 cm) is higher than that at the position of x =3.8 cm, from
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Fig. 17. Temporal temperature distributions of the mixture in the reactor with (a) L =
3.0 cm and (b) L = 6.0 cm for Ti = 1100 K.

Fig. 18. Ignition delay time as a function of initial temperature and pressure of homo-

geneous stoichiometric H2–air mixture.

t

a

f

t

g

e

p

an integration perspective. Furthermore, for the cases of Ti =700 and

800 K without auto-ignition, their ITDs do not continually increase

with time, instead, they fluctuates below a small value. However, the

ITD experiences a continuous accumulation and increases to a large

value for the four cases of Ti =900–1050 K, where there is an auto-

ignition event induced by pressure wave disturbance in the near-wall

region. For the case of Ti =1100 K, the ITD is approximately equal to

zero due to the lack of pressure wave arrival. These results basically

indicate the ITD is a good metric to evaluate the propensity of auto-

ignition events subject to temperature inhomogeneity. It therefore

implies that the thermal inhomogeneity induced by pressure wave

disturbance plays an important role for the auto-ignition at near-wall

region.

3.4. Auto-ignition position transition

From the above discussions, we have clearly demonstrated the be-

havior of flame propagation and pressure mutation, pressure wave

interaction, as well as the mechanism of end-gas auto-ignition event

with pressure wave disturbance. However, the underlying reasons

for another major phenomenon on the AI spot generation ahead of

flame front and the auto-ignition position transition have not been

fully revealed. Specifically, we shall provide a detailed explanation

on the fact that no auto-ignition occurs at the near-wall region for

Ti =1100 K, and that there is an auto-ignition event occurring at the

position ahead of flame front for the initial temperature above 1050 K.

Firstly, we have changed the original chamber length into L = 3.0

and 6.0 cm for the initial temperature 1100 K case respectively, to

demonstrate the residence time effect on the end-gas auto-ignition.

For the case of L = 3.0 cm, the mixture at the right wall is affected

by pressure wave, such that thermal inhomogeneity should exist be-

fore the arrival of reaction front; while there should be homoge-

neous temperature distributions at the near-wall region due to the

lack of pressure wave disturbance for the case of L = 6.0 cm. Figure 17

shows the results of temporal temperature distributions of the mix-

ture in the closed reactor. It is observed from Fig. 17(a) that unlike

the case of L = 4.0 cm in Section 3.3, there is a large temperature

inhomogeneity in the mixture at the right wall at t = 44 μs and an

auto-ignition event occurs at the t = 45 μs. According to previous

analysis, this auto-ignition event should be attributed to the thermal

inhomogeneity induced by pressure wave disturbance. For the case

of L = 6.0 cm, Fig. 17(b) shows that there is no pressure wave distur-

bance in the local mixture near the wall due to the fast detonation

propagation mode, and therefore the auto-ignition occurred in the

end-gas is purely a homogeneous thermal explosion. Meanwhile, it

is noted that in the case of L = 6.0 cm, there is no auto-ignition oc-

currence when the reaction front arrives at x = 4.0 cm. This could

be due to the fact that the local mixture is not sufficiently reactive to

auto-ignite. Furthermore, the ignition delay time of different thermo-

dynamic states around Ti=1050 K and 1100 K are presented in Fig. 18,

which shows that in the temperature range of 1050–1150 K, ignition

delay time is very sensitive to temperature, which may be another

reason for the auto-ignition transition of the mixture at near-wall

region.

Secondly, it is interesting to find that there is a transition for the

auto-ignition occurrence from the end-gas to the location ahead of

flame front, and the AI spot is able to further develop into a (devel-

oping) detonation wave. Basically, such an auto-ignition event results

from the interaction of pressure wave and flame structure when the

temperature and pressure of the local mixture corresponds to an ig-

nition delay that is not too long and also sufficiently sensitive to the

thermodynamic conditions [6].

Figure 19 shows the temporal evolution of temperature and pres-

sure at different positions in the preheat zone of flame front for the

case of Ti=1100 K. It is seen that at the beginning, the tempera-

ture and pressure are the same for these selected positions; when
≤ 28.5 μs, the pressure is nearly uniformly distributed, but it shows

n obvious temperature gradient in the preheat zone of the flame

ront. Moreover, the closer the selected position to the flame front,

he earlier the temperature gradient appears. This observation sug-

ests the direct thermal effect of flame front on the AI spot gen-

ration. In addition, Fig. 20 shows corresponding temperature and

ressure distributions during AI spot generation near the flame front.
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Fig. 19. Temporal evolution of temperature and pressure at different position in the

preheat zone of flame front for Ti = 1100 K.

Fig. 20. Evolution of temperature (dash) and pressure (line) distributions during auto-

ignition development ahead of flame front for Ti = 1100 K.
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t can be observed that due to the heat release of local auto-ignition

n preheat zone of flame front, a local pressure mutation is gener-

ted, followed by a pressure wave propagating forward. Because the

re-mixture is on the threshold of auto-ignition, the propagation of

ressure wave will increase the temperature and pressure of adjacent

ixture and thus decrease ignition delay of the local mixture. There-

ore, new auto-ignition spots will be induced and then couple with

he flame front during its propagation. Initially, the pressure wave

ropagates at the head of reaction front, as shown in Fig. 20. Then

he reaction front accelerates to catch up with the pressure wave and

ouples with it, eventually leading to the generation of stronger pres-

ure wave and detonations, as shown in Fig. 13.

To further explain the occurrence of the auto-ignition at the foot

f the preheated zone, it should be noted that although the tempera-

ure within the flame is higher, due to the large slope of temperature

nd concentration, reactive radicals diffuse really fast out of a poten-

ial kernel, which could further be consumed by the propagation of

he flame without causing local pressure/temperature build-up be-

ause of the limited residence time. On the contrary, for a potential

uto-ignition spot in the upstream, there is much longer residence

ime for the particle to ignite. In addition, the flame back diffusion

an feed reactive radicals into the ignition kernel, being more intense

hen the flame propagates closer. Therefore, both the longer resi-

ence time and the stronger back diffusion due to the approaching

ame allows local temperature/pressure to build up and facilitate the

uto-ignition process in the preheat zone.
onclusions

One dimensional direct numerical simulation with detailed ki-

etics and transport property was performed in a closed constant

olume reactor to investigate the detailed interaction mechanisms

f flame front propagation, auto-ignition and pressure wave during

nocking combustion, with special emphasis on auto-ignition occur-

ence and pressure mutation generation in the reactive flows.

First, the binary interactions of SI flame propagation, AI spots gen-

ration and pressure wave are significantly influenced by initial tem-

eratures. As initial temperature increases, there is a transition for

he AI position from the near-wall region to the region ahead of SI

ame front. For the auto-ignition occurring ahead of flame front, it is

emonstrated that that the dominant mechanism is the interaction of

ressure wave and flame structure, where the local auto-ignition in

ame preheat zone facilitates the detonation development. The pres-

ure fluctuation during the auto-ignition ahead of flame further cou-

les with the flame front to facilitate its transition to developing det-

nation waves.

Second, it is shown that knocking intensity is not only related to

nitial auto-ignition events, but also to the intense pressure mutation

nduced by the interactions of flame front propagation, AI reaction

ront and pressure waves, involving wave-wave interaction, wave-

all interaction and reaction front-wave interaction, etc. The colli-

ion of the two AI reactions front under certain condition could cause

xtremely intense pressure mutations in the chamber. Furthermore,

he integral of dimensionless temperature difference analysis shows

hat the thermal inhomogeneity of the mixture induced by pressure

ave disturbance plays an essential role in auto-ignition occurrence

t the near-wall region.

Third, detailed analysis has been further performed based on the

ropagation velocities of various sub-processes, including the flame

ront propagation, detonating AI reaction front and the pressure

aves, as well as tracing the thermodynamic conditions at different

I spots both at end mixture and ahead of flame front. The entire

ombustion process depends on the velocity (time) scales of flame

ropagation, pressure wave and ignition delay of local mixture. Simu-

ations with different chamber lengths shows different end-gas auto-

gnition mechanism: with longer residence time, pressure wave is

aught up with the detonation front, leading to constant-state homo-

eneous auto-ignition; while with shorter residence time, the pres-

ure wave causes local temperature homogeneity to promote auto-

gnition.

It is noted that the present study aims to analyze the fundamental

nteractions of major physical elements involved in knock and super-

nock combustion, which facilitates future studies with further guid-

nce towards the practical situations, with realistic fuel properties,

hermodynamic conditions, and flow characteristics.
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