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a b s t r a c t 

This study highlights the importance of heat release rate in low-temperature oxidation (LTO) on non- 

uniform end-gas autoignition and strong pressure wave generation, which are substantially relevant to 

knocking combustion. The simulations are conducted using the compressible Navier–Stokes equations 

with detailed transport and chemical kinetics models in a one-dimensional constant-volume reactor. Four 

fuel/air stoichiometric mixtures, n -butane, i -octane, n -heptane, and dimethyl ether (DME)/air mixtures, 

are simulated. The results show that larger knocking intensities are produced with n -heptane and DME 

in their negative temperature coefficient (NTC) regimes because of the stronger non-uniformity of end- 

gas autoignition. The non-uniformity of end-gas autoignition is enhanced by a pressure wave disturbance 

that is caused by the rapid temperature rise of the end-gas region in LTO. In particular, the high heat re- 

lease rate with the DME/air mixture generates a distinct pressure wave disturbance in the reactor, which 

considerably enhances the non-uniformity of end-gas autoignition through the reflection of the wave at 

the wall. In contrast, the heat release rate in the n -heptane case is milder than that in the DME case, 

and therefore, the knocking intensity in the n -heptane case is smaller compared to that of DME due to 

less enhancement of the non-uniform end-gas autoignition. No large knocking intensities are produced 

with n -butane and i -octane, which have weak NTC, because of the absence of a temperature rise in LTO. 

Thus, this study concludes that the high heat release rate in LTO and the generated pressure wave dis- 

turbance play a significant role in the generation of large knocking intensities through the enhancement 

of non-uniform end-gas autoignition. 

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Knocking combustion is a well-known abnormal combustion 

hat happens in spark-assisted ignition engines [1] . Knocking is 

enerally initiated by autoignition in the region between a prop- 

gating flame and an engine wall. Such autoignition and region are 

ommonly called end-gas autoignition and the end-gas region, re- 

pectively. A pressure wave is then generated through rapid heat 

elease in the end-gas region, which is sometimes strengthened by 

 coupling with a reaction front wave [2,3] . Such a strong pres- 

ure wave may cause severe engine damage during the subsequent 

ressure oscillation. Undoubtedly, knocking combustion is still a 

ignificant obstacle in achieving the desired high thermal efficiency 

n advanced internal combustion engines [4] . 
∗ Corresponding author. 
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Because knocking combustion is a consequence of the compe- 

ition between the propagating flame speed in an engine cylinder 

nd timing of end-gas autoignition, the ignition delay time of an 

mployed fuel is one of the most influential parameters in knock- 

ng combustion. The ignition delay time generally changes accord- 

ng to the thermodynamic conditions, such as pressure, temper- 

ture, and fuel concentration, of which the negative temperature 

oefficient (NTC) may be highlighted as a unique characteristic ob- 

erved in large hydrocarbon fuels, including gasoline fuels [5] . In 

n NTC regime, the ignition delay time becomes longer despite the 

emperature increase, which affects the timing of end-gas autoigni- 

ion. The negative temperature dependence of ignition delay time 

s a consequence of the two-stage ignition in the temporal temper- 

ture variation, which consists of a first temperature rise caused 

y low-temperature chemistry and a second temperature rise gov- 

rned by high-temperature chemistry [5] . 

It is natural to seek for the effects of the NTC and low- 

emperature chemistry on knocking combustion owing to the 
. 
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Fig. 1. Schematic of a one-dimensional constant-volume reactor. 
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bove-mentioned unique behaviors. Many studies have been con- 

ucted to identify the effect of an NTC on knocking combustion. 

n particular, the effect of an NTC on strong pressure wave gen- 

ration triggered by hot- or cool-spot autoignition has been ex- 

ensively investigated [6–11] following the pioneering works by 

el’dovich [2] and Bradley’s group [3,12] . For example, Dai et al. 

6] demonstrated that a pressure wave generated by cool-spot au- 

oignition became a developing detonation wave owing to the NTC 

haracteristic of an n -heptane/air mixture. Zhang et al. [11] in- 

estigated the effects of low-temperature chemistry on pressure 

ave formation under thermal and fuel stratifications of dimethyl 

ther (DME)/air mixtures, where a unique comparison was con- 

ucted using an original reaction mechanism and a modified re- 

ction mechanism created by removing some critical reactions of 

he low-temperature chemistry. The study showed that the low- 

emperature chemistry had a significant effect on the ignition-to- 

etonation transition through a difference in the ignition delay 

ime caused by the different reaction mechanisms with and with- 

ut low-temperature chemistry. Those previous studies demon- 

trated that the effect of an NTC on pressure wave development 

merges from the spatial gradient in the ignition delay time es- 

ablished by thermal or fuel stratifications. The NTC behavior of 

mployed fuel/air mixtures affects the spatial gradient or distri- 

ution of the ignition delay time, which determines the succes- 

ive autoignition phenomena (i.e., the speed of a reaction front 

ave) and, thus, the pressure wave development. Experimentally, 

trong pressure waves are often observed with NTC fuels. Tanoue 

t al. [13] showed that stronger pressure waves were generated 

s the fraction of DME in n -butane/DME/air mixtures increased 

n a rapid compression machine (RCM) experiment. The mech- 

nism for strong pressure wave generation was well explained 

y assuming the presence of a spatial gradient in the ignition 

elay time due to temperature stratifications. Mansfield et al. 

14] addressed non-uniform and uniform autoignition behaviors 

f i -octane in two RCMs, assuming the existence of tempera- 

ure gradients. Interestingly, it was suggested that the propen- 

ity for uniform autoignition increased in the NTC regime because 

he temperature sensitivity of the ignition delay time decreased. 

an et al. [15] quantified the combustion modes of strong knock- 

ng in an RCM experiment using a non-dimensional regime di- 

gram with estimated temperature stratifications. From a differ- 

nt viewpoint, Pan et al. [16] numerically investigated the be- 

aviors of end-gas autoignition and pressure wave development 

f an n -heptane/air mixture under the assumption that a two- 

tage flame was present through cool flame generation. The result 

howed that the autoignition and subsequent pressure wave for- 

ation with the two-stage flame were different from those using 

n ordinary single-stage flame. Thus, the NTC characteristic has the 

otential to significantly affect the important process of knocking 

ombustion. 

This study aims to identify further the effect of fuel NTC char- 

cteristics on end-gas autoignition and subsequent pressure wave 

ormation. Particular attention is paid to the role of two-stage igni- 

ion, that is, small temperature rise in a temporal variation caused 

y low-temperature chemistry, which has not been addressed in 

revious studies. This study started from our previous study [17] , 

hich showed that an n -heptane/air mixture with an NTC behavior 

enerated a strong pressure wave only in the NTC regime. Unfor- 

unately, the reason has not yet been fully explained in the sub- 

equent studies [18,19] . A one-dimensional (1-D) constant-volume 

onfiguration is used for the investigation, where the compress- 

ble Navier-Stokes equations are solved with detailed transport and 

hemical reaction models, and four different fuel/air stoichiometric 

ixtures are adapted. 
w

182 
. Numerical methods 

The governing equations are the compressible Navier–Stokes 

quations with the thermally perfect gas equation of state. The 

HEMKIN-II library [20] was used to calculate the thermodynamic 

roperties. The transport properties for mixtures were obtained us- 

ng a software package [21] , where the viscous coefficient of mix- 

ures is modeled by an empirical approximation [22] that is anal- 

gous to the thermal conductivity [21] . The species bundling tech- 

ique [23] was applied to the mixture-averaged diffusion coeffi- 

ient to significantly reduce the computational cost. An operator 

plitting method [24] was applied to the governing equations; that 

s, the fluid and chemical reaction parts were solved separately in 

he temporal direction. In the fluid part, the compressible Navier–

tokes equations were solved by assuming chemically frozen flows 

f ˙ ω s = 0 . In the chemical reaction part, the governing equations 

erived from the compressible Navier–Stokes equations under con- 

tant volume and internal energy conditions were solved. Variables 

ere exchanged between the fluid and chemical reaction parts at 

ach time step [25] . 

Conventional numerical methods for the compressible Navier–

tokes equations were used in the fluid part. The numerical flux 

as evaluated by using a Harten–Lax-van Leer-contact scheme 

26] . The monotone upstream centered scheme for conservation 

aw [27] with the minmod limiter was used to achieve high- 

rder spatial accuracy. The viscous, heat conductivity, and diffu- 

ion terms were discretized by second-order central differencing. 

he third-order total variation diminishing Runge–Kutta scheme 

28] was applied to the time integration. In the chemical reaction 

art, the extended robustness-enhanced numerical algorithm [29] , 

alled ERENA, was applied to the time integration for the chemi- 

al reaction equations. More detailed description on the numerical 

odels and methods can be found in our previous articles [17,18] . 

. Conditions 

A 1-D constant-volume reactor was used for this investigation, 

hich has been successfully applied in several numerical stud- 

es [17,30–32] to investigate the fundamental physics relevant to 

nocking combustion, such as end-gas autoignition and the subse- 

uent pressure wave development. A schematic of the 1-D reactor 

s shown in Fig. 1 . A flame generated by the ignition of a hot ker-

el propagates rightward, and an end-gas region is established be- 

ween the propagating flame and the end wall. As the pressure and 

emperature in the reactor gradually increase owing to the flame 

ropagation, end-gas autoignition may eventually occur, followed 

y strong pressure wave generation. The reactor length was L = 4 

m, and a 1400 K hot kernel was used with a size of W = 0 . 1 cm,

nless otherwise noted. The ignition of the hot-temperature kernel 

nduces not only the flame propagation but also a pulsed pressure 

ave. It should be noted that the strength of the pulsed pressure 

apoo7rv
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Fig. 2. Ignition delay times for four fuel/air stoichiometric mixtures under 5 atm (left), and time histories of temperature at 700 K (right). 

Fig. 3. Comparison of time histories of the pressure (left) and temperature (right) at the wall for different initial temperatures. 
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ave may be strong due to the present 1-D planar configuration 

ompared to one generated in actual engines. The effects of the 

ot-kernel size on end-gas autoignition and subsequent pressure 

ave development were discussed in our previous study [19] . A 

ymmetric condition was applied at the left boundary, and an adi- 

batic wall was assumed at the right boundary. The effects of the 

nd-wall conditions (adiabatic and isothermal) were also discussed 

n our previous studies [17–19] . The initial pressure was set to 5 

tm and the initial temperature changed from 500 K to 10 0 0 K. 
183 
Four fuels were used at stoichiometric conditions with air: n - 

eptane, DME, n -butane, and i -octane. The detailed chemical reac- 

ion mechanisms for n -heptane, n -butane, and i -octane were gen- 

rated by the KUCRS software [33] , where n -heptane consisted of 

73 species with 1071 reactions, n -butane consisted of 113 species 

ith 426 reactions, and i -octane consisted of 537 species with 

470 reactions. The prediction accuracy of the mechanisms gen- 

rated by KUCRS was validated through a comparison with experi- 

ental data in our previous study [17] for n -heptane and n -butane, 

apoo7rv



H. Terashima, H. Nakamura, A. Matsugi et al. Combustion and Flame 223 (2021) 181–191 

Fig. 4. Timing and flame position when end-gas autoignition takes place. The timing corresponds to the time when the first peak in the maximum pressure history is 

observed and the flame position was determined as the position when a flame front reaches the maximum distance from the left boundary. 
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Fig. 5. Knocking intensities against the initial temperature. 
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nd a study [34] for i -octane. The mechanism proposed by Zhao 

t al. [35] was used for DME, which consisted of 55 species involv- 

ng 290 reactions. Figure 2 shows the ignition delay times at var- 

ous temperatures obtained using four fuel/air stoichiometric mix- 

ures under 5 atm, and constant volume and adiabatic conditions. 

n NTC in the ignition delay time is observed between 700 K and 

50 K for the n -heptane and DME/air mixtures. The NTC is con- 

ected to a two-ignition process, in which a small temperature rise 

ue to low-temperature oxidation (LTO) appears before the main 

utoignition, as observed in the right-hand side of Fig. 2 . In the 

ollowing discussion, we may use the term ‘strong NTC fuel’ for n - 

eptane and DME and the term ‘weak NTC fuel’ for n -butane and 

 -octane, respectively, for convenience. 

A uniform grid spacing of approximately 20 μm was used 

ased on a preliminary grid convergence study [17] . The time step 

ize was determined with a CFL number of 0.8. In the species 

undling technique [23] used for the diffusion coefficient calcula- 

ion, DME with 55 species was bundled into 17 groups, n -butane 

ith 113 species into 19 groups, n -heptane with 373 species into 

1 groups, and i -octane with 537 species into 23 groups, with a 

hreshold value of 0.1. 

. Results and discussions 

In the following discussions, a knocking intensity is introduced 

o quantitatively estimate the behavior of a pressure wave initiated 

y end-gas autoignition, which is defined as the ratio of the first 

eak in the maximum pressure history in the entire domain to the 

quilibrium pressure [17] . Thus, the knocking intensity here is a 

etric to assess the strength of a pressure wave developed in the 

nd-gas region. 

.1. Comparison with four fuels 

Figure 3 (a) shows a comparison of the pressure and tempera- 

ure histories at the wall with an initial temperature of 650 K using 

he four fuels. Significant pressure peaks associated with the occur- 

ence of end-gas autoignition are observed for n -heptane and DME. 

n contrast, no pressure peaks are generated by i -octane, which 

eans that the propagating flame from the hot kernel reaches the 

nd wall before end-gas autoignition can occur. A small pressure 

eak for n -butane indicates that autoignition takes place with a 

mall amount of the end gas, and thus a pressure wave cannot 

evelop. In the n -heptane and DME cases, a relatively small tem- 

erature rise appears before the main autoignition owing to LTO. 

urther, especially in the DME case, a distinct pressure oscillation 
184 
ppears along with the small temperature rise by LTO. Such a tem- 

erature rise associated with LTO is not observed with n -butane 

nd i -octane. The result for the higher initial temperature of 800 K 

n Fig. 3 (b) depicts that end-gas autoignition occurs with all the 

uels due to the high-temperature condition and thus the shorter 

gnition delay times. The small temperature rise by LTO becomes 

eak or almost disappears at 800 K. 

Figure 4 summarizes the timing and the flame position when 

nd-gas autoignition occurs. The timing results demonstrate a close 

elationship between the timing and the fuel characteristics of the 

gnition delay time (shown in Fig. 2 ): the shorter the ignition delay 

ime, the faster end-gas autoignition occurs. In the NTC regimes, 

he flame position is significantly affected by the fuel characteris- 

ics, and broader end-gas regions remain for strong NTC fuels: n - 

eptane and DME. It is also confirmed that no end-gas autoignition 

ccurs for temperatures below 600 K in n -butane and 650 K in i -

ctane, respectively. Figure 5 shows the knocking intensity against 

he initial temperature. A substantial peak is generated around 

50 K in the DME case, and a relatively smaller, yet still large, 

eak is also observed in the n -heptane case. These peaks imply 

hat strong pressure waves are generated, so-called developing det- 

nation waves. In contrast, no peaks are produced in the cases of 

 -butane and i -octane, and thus the knocking intensity remains 

mall for all the initial temperatures. The trend of the knocking in- 

ensities suggests that strong NTC fuels ( n -heptane and DME) may 

ave the potential to produce large knocking intensities in their 

TC regimes through the generation of strong pressure waves. 
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Fig. 6. Temporal sequence of pressure and temperature distributions for an initial temperature of 650 K. 

Fig. 7. Time histories of the pressure and temperature at the wall for each fuel with an initial temperature of 650 K. 

185 
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Fig. 8. Behaviors of temperature and pressure during LTO at 650 K for the DME case. Note that the time period ( �t ) differs in two-order between the left and right figures. 

The right figure (b) shows the pressure wave behavior during the period between the profiles 4 and 5 in the temporal sequence of temperature in the left figure (a). 

Fig. 9. Comparison of time histories of the mass fraction of OH between the wall and an end-gas point, and the pressure at the wall, for an initial temperature of 650 K. 
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To investigate the mechanism that produces large knocking in- 

ensities in the n -heptane and DME cases, a temporal sequence 

f pressure and temperature distributions at 650 K is provided in 

ig. 6 . For both cases, autoignition first takes place at the end wall

 x = 4 . 0 cm). Then, the generated pressure wave is followed by

 reaction front wave driven by successive autoignition phenom- 

na. Consequently, a strong pressure wave is produced by the cou- 

ling between the pressure and reaction front waves. In the DME 

ase, the maximum pressure reaches a considerable value of ap- 

roximately 110 atm, while it is limited to a smaller value of ap- 

roximately 55 atm in the n -heptane case. Such strong pressure 

aves are caused by the non-uniform occurrence of end-gas au- 

oignition (the mechanism for the non-uniform end-gas autoigni- 

ion is described in the next section, Section 4.2 ). As recognized 

ith the temperature distributions in Fig. 6 , the temperature in 

he local region near the wall increases faster compared to that 

n other end-gas regions. In the DME case, the local temperature 

ise near the wall is more pronounced than that in the n -heptane 

ase, and thus a stronger pressure wave can develop during prop- 

gation in the end-gas region. The non-uniformity of end-gas au- 

oignition is relatively weak in the n -heptane case, and the suc- 

essive autoignition, which occurs ahead of the developing pres- 

ure wave, disturbs its further development (see the profile 7). For 

he n -butane and i -octane cases, the end-gas region is very small 

hen end-gas autoignition takes place, as illustrated in Fig. 4 (b). 

herefore, there is not enough space for a pressure wave to 

evelop. 
186 
.2. A question on non-uniform autoignition and strong pressure 

ave 

All the computations start with a uniform distribution in the 

nd-gas region, and thus a uniform end-gas autoignition would 

e expected. Previous studies [18,19] addressed the mechanism for 

on-uniform autoignition in the end-gas region, in which it was 

emonstrated that the pulsed compression wave generated from 

he ignition kernel continuously propagated in the reactor and en- 

anced the progress of chemical reactions in the near-wall region 

hrough wave reflection at the wall. Consequently, non-uniform au- 

oignition occurs in the end-gas region. Then, a question is raised: 

hy is the non-uniformity of end-gas autoignition strengthened in 

he DME case and the NTC regime because the pulsed pressure 

ave and wall reflection occur in all the fuels and all the initial 

emperature conditions. 

Figure 7 shows again the time histories of the pressure and 

emperature at the wall for each fuel, where the result of each 

uel is replotted separately for better comparison. A comparison 

f the four fuels indicates that the difference between fuels with 

arger knocking intensities ( n -heptane and DME) and those with 

maller knocking intensities ( n -butane and i -octane) lies in the 

resence of a small temperature rise caused by the heat release of 

TO. Moreover, there is a significant difference in the temperature 

ise between n -heptane and DME: the temperature increase rate 

n the DME case is considerably larger than that in the n -heptane 

ase, which likely causes the large pressure oscillations observed 
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Fig. 10. Schematic of the role of low-temperature oxidation in strong pressure wave generation. 
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Fig. 11. Time histories of the temperature and heat release rate (HRR) at the wall 

for an initial temperature of 650 K. The unit of HRR is J m 

−3 s −1 . 
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a
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a

e

r

b

r

t

etween approximately t = 4 and 5 ms in the DME case. Note that 

he pressure oscillation during the initial stage is caused by a pres- 

ure wave from the hot-kernel ignition, as described above. 

Figure 8 (a) shows a temporal sequence of temperature distri- 

utions during LTO for the DME case. The temperature in the end- 

as region rapidly changes between the profiles 4 and 5, which 

orresponds to the temperature rise at t = 4 ms in Fig. 7 (a). This

apid and local change in the thermodynamic state in the end-gas 

egion may induce large disturbance in the flow field, and thus 

 distinct (not sharp) pressure wave is generated, as illustrated 

n Fig. 8 (b). In contrast, while the temperature rise by LTO also 

ppears in the n -heptane case ( Fig. 7 (b)), the rate at which the

emperature increase is relatively low, and thus a distinct pres- 

ure wave is barely generated. Therefore, it is concluded that the 

arge pressure oscillation between LTO and the main autoignition 

s caused by the newly generated pressure wave due to the rapid 

emperature rise in LTO. 

Once a pressure wave is generated in the reactor, it continu- 

usly propagates and reflects at the wall [18,19] . Thus, the reactiv- 

ty in the end-gas region is affected, and, in particular, the wave 

eflection at the wall enhances the progress of chemical reactions 

hrough the transient pressure and temperature increases. When a 

emperature rise by LTO appears, pressure waves are generated by 

ot only the hot-kernel ignition but also LTO. Figure 9 (a) shows a 

omparison of the mass fraction of OH at an end-gas point ( x = 3 . 5

m) and the wall ( x = 4 . 0 cm) in the DME case, where the pressure

istory at the wall is also plotted for comparison. The pressure os- 

illation after t = 4 . 0 ms corresponds to the transient pressure in-

rease from the wall reflection, and thereby the mass fraction of 

H transiently increases. The difference of the mass fraction of OH 

etween two points gradually increases because the transient in- 

rease of pressure and temperature at the wall are more extensive 

han those at the end-gas point due to the wave reflection. Fur- 

her, the result indicates that the induction period between the 

TO and the main autoignition is vital for the enhancement of 

on-uniformity in the end-gas region because the difference in the 

ass fraction of OH at the two points in the end-gas region contin- 

es to increase during the induction period. In contrast, as shown 

n Fig. 9 (b), the pressure oscillation is weak in the n -heptane case, 

nd there is little difference in the mass fraction of OH between 

he two points. 

In the cases of n -butane and i -octane, which generate no tran- 

ient pressure and temperature rises in LTO, the non-uniformity 

f the end-gas region is solely caused by the pressure wave ini- 

ially generated from the hot-kernel ignition. Therefore, the non- 

niformity of end-gas autoignition is limited, and the pressure 

ave associated with end-gas autoignition does not develop. As 
187 
uch, in higher-temperature conditions, the temperature rise in LTO 

lso disappears in the n -heptane and DME cases, as the result at 

00 K is shown in Fig. 3 (b). Thus, the non-uniformity of end-gas 

utoignition is not enhanced, and the knocking intensity tends to 

e small. Hence, the fuel dependency of the knocking intensity dis- 

ppears in high-temperature conditions (see Fig. 5 ). 

In summary, significant peak in the knocking intensity is gen- 

rated in the DME case due to the non-uniformity in the end-gas 

egion. The non-uniformity of end-gas autoignition is strengthened 

y the newly generated pressure wave, which is induced by the 

apid temperature rise of the end-gas region during LTO. The con- 

inuous pressure wave reflection at the wall significantly enhances 
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Fig. 12. Time histories of chemical species at the wall for an initial temperature of 650 K. 

Fig. 13. Time histories of temperature and heat release rate of elementary reactions obtained in a 0-D constant-volume ignition problem, where top five elementary reactions 

with the highest heat release rate in LTO are presented. The initial temperature and pressure are 650 K and 5 atm, and a stoichiometric mixture is used for both cases. The 

unit of HRR is MJ m 

−3 s −1 . 
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he non-uniformity of end-gas autoignition. A schematic of the role 

f LTO in the strong pressure wave generation proposed in this 

tudy is illustrated in Fig. 10 . 

.3. Heat release rate and chemical reactions in LTO 

The rate of temperature increase in LTO is associated with the 

eat release rate of the chemical reactions. Figure 11 shows a com- 

arison of the time histories of the heat release rate and tempera- 

ure at the wall between the DME and n -heptane cases. It is con- 

rmed that the rapid temperature rise in the DME case is associ- 

ted with a higher heat release rate, and the heat release rate in 

he DME case is much higher than that in the n -heptane case dur- 

ng LTO. 

To identify the source of the high heat release rate in the DME 

ase, the time history of the mass fractions of several chemical 

pecies at the wall is presented in Fig. 12 . A key difference between

ME and n -heptane is in the production of CH 2 O during LTO; a

onsiderably larger amount of CH 2 O is generated in the DME case 

ompared to the n -heptane case. A large amount of CH 2 O generally 

nhances the following chemical reactions responsible for the heat 

eneration: 

O 2 + HO 2 → H 2 O 2 + O 2 �r H 298 = −164 kJ mol 
−1 

(R1) 
188 
 2 O 2 + M → OH + OH + M �r H 298 = 210 kJ mol 
−1 

(R2) 

H 2 O + OH → HCO + H 2 O �r H 298 = −128 kJ mol 
−1 

(R3) 

CO + O 2 → CO + HO 2 �r H 298 = −139 kJ mol 
−1 

(R4) 

hich eventually lead to a high heat release rate and thus the 

apid temperature rise of DME. The enthalpies of reaction, �r H 298 , 

ere taken from the n -heptane model [33] . 

The larger production of CH 2 O in the DME case compared to 

hat in the n -heptane case can be explained by the three following 

hemical reaction features. The first one is a larger production of 

O 2 through a reaction of 

 + O 2 → RO 2 (R5) 

ue to the higher ceiling temperature of DME, where R = CH 3 OCH 2 

the ceiling temperature is defined as the temperature at which the 

quilibrium concentration of R equals that of RO 2 ). Secondly, the 

uccessive reactions after the RO 2 production reaction (R5) proceed 

hrough RO 2 → QOOH isomerization followed by the decomposi- 

ion of QOOH to 2 CH O + OH . The production of CH O from DME
2 2 
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Fig. 14. Comparison of the evolution of temperature and heat release rate (HRR) for different initial temperatures in the DME case. The unit of HRR is J m 

−3 s −1 . 

i

i

o

T

p

C

w

i

w

p

t

p

a

C  

t

l

v

s  

fi

h

d

r

l

r

h

i

e

t

h

o

n

p

f

s

Fig. 15. Effects of pressure on the heat release rate in LTO for three fuels. The unit 

of HRR is J m 
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problem. The initial temperature is 700 K and other initial temperature conditions 

show a similar trend. 
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n this sequence is more efficient than that from the correspond- 

ng reactions of n -heptane due to the higher ceiling temperature 

f DME and the absence of cyclic ether formation in the DME case. 

he third one, which is considered to be the most important, is the 

roduction of CH 2 O through the thermal decomposition, 

H 3 OCH 2 → CH 2 O + CH 3 �r H 298 = 26 kJ mol 
−1 

(R6) 

hich is an endothermic reaction specific to DME and does not ex- 

st in the reaction of n -heptane. The enthalpy of reaction, �r H 298 , 

ere taken from the DME model [35] . Because the thermal decom- 

osition (R6) is sensitive to the temperature, the heat generated 

hrough the reactions (R1) to (R4) accelerates the reaction (R6) and 

roduces a further amount of CH 2 O. This feedback loop brings 

bout the high heat release rate in LTO. The larger production of 

H 2 O and CH 3 in the DME case can be confirmed in Fig. 12 . Fur-

her, to confirm elementary reactions responsible for the heat re- 

ease rate in LTO, the results of a zero-dimensional (0-D) constant- 

olume ignition problem obtained using ANSYS CHEMKIN-PRO are 

hown for the DME and n -heptane cases in Fig. 13 . It is identi-

ed that, while similar elementary reactions are responsible for the 

eat release rate in LTO including (R3) and (R4) for both cases, the 

ecomposition reaction of QOOH uniquely contributes to the heat 

elease in the DME case, and DME produces much higher heat re- 

ease rate compared to n -heptane in LTO. 

Figure 14 shows the time histories of the temperature and heat 

elease rate using four initial temperatures for DME. While the 

eat release rate in LTO is larger for lower initial temperatures, the 

nduction period between the LTO and main autoignition is short- 

ned. Thus, the non-uniformity is determined by a trade-off be- 

ween the heat release rate and the induction period. 

It may be worth noting the effect of initial pressure on the 

eat release rate in LTO. Figure 15 compares the first peak value 

f the heat release rate in LTO using a 0-D constant-volume ig- 

ition problem. The peak values increase in increasing the initial 

ressure for all three fuels: DME, n -heptane, and i -octane. There- 

ore, the strength of a pressure wave produced in LTO may be 

tronger under high-pressure conditions. The orders of peak val- 
189 
es for i -octane at 20 atm and 40 atm become similar to those for

 -heptane at 5 atm and DME at 5 atm, respectively, while the peak 

alue for i -octane at 5 atm is very low. 

.4. Results with a smaller hot-kernel size 

One may concern that another distinct pressure oscillation 

xists from the initial stage (for example, see Fig. 7 ), which is 

aused by a pressure wave generated from the hot-kernel ignition 

18] . Thus, there are two individual events for pressure wave 

eneration before end-gas autoignition: one is the pressure wave 

enerated by the hot-kernel ignition, and the other is the pressure 

ave generated by the high heat release rate in LTO. While these 

ressure waves are weak compared to the strong pressure waves 

enerated by end-gas autoignition, they play a significant role in 

stablishing the non-uniformity of end-gas autoignition. 
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Fig. 16. Knocking intensity and timing for a small hot-kernel size of 0.05 cm. 

Fig. 17. Comparison of time histories of the pressure and temperature at the wall between two different kernels for the DME case. The results are for an initial temperature 

of 650 K. 
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To clarify the role of LTO, a computation using a different hot- 

ernel size was carried out, which weakened the strength of the 

ressure wave from the hot-kernel ignition, so that the pressure 

ave generated in LTO may be solely responsible for establishing 

he non-uniformity of end-gas autoignition. 

Figure 16 shows the knocking intensity and timing obtained us- 

ng the small hot-kernel size of 0.05 cm for all the fuel cases. There

re no differences in the knocking timing from the result with the 

ot-kernel size of 0.1 cm shown in Fig. 4 (a). In contrast, the large

eaks in the knocking intensities for n -heptane and DME disappear 

ith the smaller hot kernel. Therefore, the pressure wave from the 

gnition kernel also plays a significant role in establishing the non- 

niformity of end-gas autoignition. 

Figure 17 shows the time histories of the pressure and tempera- 

ure at the wall for DME, with an initial temperature of 650 K, that 

ere obtained using the smaller kernel; the result using the origi- 

al kernel size of 0.1 cm is also plotted for comparison (the same 

s Fig. 7 (a)). While the pressure oscillation caused by LTO is also 

bserved with the smaller kernel size, the amplitude is slightly 

maller than that with the larger kernel. It is also recognized that 

he amplitude of the pressure oscillation induced by the hot-kernel 

gnition during the initial stage becomes small. Figure 18 shows 

he time histories of the mass fraction of OH between the wall 

nd an end-gas point, which were obtained using the smaller hot- 

ernel size. The difference between the two points is negligible 

ompared to the result of the 0.1 cm ignition kernel in Fig. 9 (a),
190 
ndicating that the non-uniformity in the end-gas region is less en- 

anced. Thus, these results suggest that the pressure wave gener- 

ted in LTO alone may not be sufficient for establishing the non- 

niformity of end-gas autoignition and producing strong pressure 

aves. The non-uniformity in the end-gas region needs to be es- 

ablished before LTO. In addition to the pressure wave from the 

gnition kernel addressed in the present study, other sources, such 
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s non-uniform concentration or temperature distributions, could 

stablish the end-gas non-uniformity. 

One may recognize in Fig. 16 (a) that the small peak is generated 

t 750 K for DME. The small peak means that the pressure wave 

s developed because of a large end-gas region (see the flame po- 

ition of DME in Fig. 4 (b)). While a similar behavior is observed 

t different temperatures of 650 K and 700 K having large end- 

as regions, the development of pressure waves is eventually dis- 

urbed by the occurrence of successive autoignition in front of the 

ressure wave. Unfortunately, a clear explanation for the different 

ehaviors around 750 K has not been obtained at this point, while 

he result for W = 0 . 05 cm indicates that the length of the end-gas

egion affects the pressure wave development. 

. Conclusion 

The role of LTO on end-gas autoignition and the subsequent 

ressure wave generation was numerically investigated. The results 

sing four fuel/air stoichiometric mixtures were compared in the 

imulation using the compressible Navier–Stokes equations and a 

-D constant-volume reactor. Significant peaks of the knocking in- 

ensity were generated for the strong NTC fuels n -heptane and 

ME in their NTC regimes, where strong pressure waves devel- 

ped owing to the non-uniform autoignition of the end-gas region. 

n particular, for the DME case, the non-uniformity in the end- 

as region was significantly enhanced by distinct pressure wave 

isturbance generated by the high heat release rate in LTO. The 

on-uniformity was strengthened when the pressure wave was re- 

ected at the wall during the induction period between the first 

gnition by LTO and the main autoignition. In contrast, these pres- 

ure wave disturbances were not generated in the weak NTC fuels 

 -butane and i -octane under the present conditions, and thus the 

nocking intensity was smaller due to the weaker non-uniformity 

f end-gas autoignition. The high heat release in LTO for the DME 

ase was caused by the large production of CH 2 O, mainly owing to 

he thermal decomposition reaction. This study concludes that the 

igh heat release rate in LTO and the generated pressure wave dis- 

urbance play a significant role in the generation of large knocking 

ntensities. 
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